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The sky-high crude oil price has distracted the solely demand on it with the increasing 
use in natural gas, biogas and hydrogen as new energy sources. However, these raw 
gases generally come along with CO2 in nature that causes a decrease in process 
efficiency. To remove the contaminated CO2, N2 and O2 from the product stream, 
advanced separation technologies are desperately required. Membrane separation has 
emerged as one of the potential technologies for gas separation due to its 
environmental friendliness, low cost, systemic simplicity and space saving features as 
compared to conventional separation techniques. Polymers have been widely used as 
the materials for gas separation membranes because of the cost competitiveness and 
ease of processing. Nevertheless, the polymeric membranes available in the market 
reveal a relatively low permeability and acceptable selectivity. These membrane 
materials are generally constrained by the Robeson trade-off between permeability 
and selectivity.  
 
Hence, to conquer the Robeson upper bound limit, this research study has been 
focused on the investigation and development of next-generation high performance 
polymeric membranes for CO2/CH4, CO2/N2, O2/N2 and H2/CO2 separations. 
Specifically, this research study focuses on four aspects including the (1) fabrication 
of polymer blend membranes with enhanced gas separation properties, (2) 
development of diamine modified membranes for H2/CO2 separation, (3) fabrication 
of polymer blend membranes with improved plasticization effects and (4) production 
of hollow fiber membranes for CO2/CH4 and O2/N2 separation. 
 
Firstly, the development of polymer blend membranes with enhanced gas separation 
properties is presented. Recently, PIM-1, a type of polymers of intrinsic microporosity 
has been recognized as one of the potential materials for membrane gas separation 
due to its contorted ladder-like structure that yields superior gas permeability. 
However, PIM-1 only possesses a moderate selectivity. On the other hand, Matrimid 
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is selected as one of the blending components due to its commercial availability, high 
thermal stability and good processibility. Nevertheless, Matrimid has relatively low 
gas permeability. A simple and time efficient approach of tuning the permeability and 
selectivity by blending PIM-1 with Matrimid is explored. The addition of PIM-1 into 
Matrimid improved the gas permeability significantly with a minimal decrease in gas-
pair selectivity. The incorporation of a mere concentration of PIM-1 (e.g., 5 and 10 
wt%) into Matrimid enhanced the permeability by 25% and 77%, respectively without 
compromising its CO2/CH4 selectivity. On the other hand, the incorporation of a small 
amount of Matrimid (e.g., 5-30 wt%) into PIM-1 increased O2/N2 selectivity and 
allowed for the overall gas transport properties to reach close or surpass the upper 
bound.  
 
Secondly, PIM-1 membranes were modified from CO2-selective to H2-selective via a 
simple method by blending with Matrimid and subsequently cross-linking the mixed 
matrix membrane with diamines at room temperature. The ideal H2/CO2 selectivity of 
the membrane after modification by 2 hr triethylenetetramine (TETA) increased 
significantly from 0.4-0.8 to 9.6 with a H2 permeability of 395 Barrer. The modified 
membranes also show outstanding separation performances which surpass the existing 
upper bound for H2/CO2, H2/N2, H2/CH4 and O2/N2 separations. The diamine cross-
linking has successful altered the membrane from a dense structure to a composite 
morphology and it has been verified by positron annihilation lifetime spectroscopy 
(PALS) and Field emission scanning electron microscopy (FESEM). The modified 
membrane has a smaller d-spacing and a decrease in diffusivity coefficient as revealed 
by X-ray diffraction (XRD) analyses and sorption tests. Most importantly, our 
findings concluded that the spatial structure rather than the pKa value of diamines is 
the dominant factor that governs the reactivity of diamines toward the PIM-
1/Matrimid membrane due to the presence of low concentration of cross-linkable 
polyimides which distributed randomly in the polymer matrix.  
 
Thirdly, another research study on fabrication of polymer blend membranes 
demonstrates the success of polymer blends technique with the enhancement in both 
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gas separation performance and plasticization pressure. PIM-1 has been known for its 
superior gas separation performance. However, PIM-1 does not dissolve in the 
common solvent such as N-Methyl-2-pyrrolidone (NMP) and thus limits the possible 
modification with other polymers or particles that dissolve in this solvent. For the first 
time, we have modified the PIM-1 to carboxylated PIM-1 (cPIM-1) in the polymer 
form through hydrolysis in a short duration of 1 hr. The successful modification of 
PIM-1 to cPIM-1 had been confirmed by a solubility test, gel content analysis, nuclear 
magnetic resonance (NMR) spectroscopy, Fourier transform infrared spectroscopy 
(FTIR) and water contact angles. Subsequently, the cPIM-1 was blended with Torlon 
in order to enhance the intrinsic permeability relative to Torlon rich membranes and 
simultaneously improving the intrinsic selectivity relative to cPIM-1 rich membranes. 
The UV absorbance values displayed the formation of charge transfer complexes 
between cPIM-1 and Torlon that promoted the entanglement of these polymers in the 
polymer blends. In spite of that, the addition of cPIM-1 in Torlon increased in gas 
permeability of Torlon rich membranes with minimal decreased in selectivity. 
Remarkably, all the cPIM-1/Torlon membranes showed a high anti-plasticization 
effect with the plasticization pressures up to 30 atm. The improved in anti-
plasticization effect is attributed to the incorporation of Torlon which has a greater 
rigidity restricted the chain movement in the polymer matrix. The overall separation 
performance of cPIM-1/Torlon membranes reached to the Robeson upper bound for 
O2/N2, CO2/CH4, CO2/N2 and H2/N2 separation. 
 
Lastly, the importance of development of PIM-1/Matrimid membranes in a useful 
form of hollow fibers with synergistic separation performance was explored. The 
newly developed hollow fibers comprising 5-15 wt% of PIM-1 not only possess much 
higher gas-pair selectivity than PIM-1 but also have much superior permeance than 
pristine Matrimid fibers. Defect-free hollow fibers with selectivity more than 90% of 
the intrinsic value can be spun directly from dopes containing 5 wt% PIM-1. All the 
blend hollow fiber membranes have an ultrathin dense layer thickness of less than 70 
nm as evidenced by positron annihilation lifetime spectroscopy (PALS), field 
emission scanning electron microscopy (FESEM). Comparing to Matrimid, the CO2 
permeance of as-spun fibers containing 5 and 10 wt% PIM-1 increases 78% and 
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146%, respectively (e.g., from original 86.3 GPU to 153.4 GPU and 212.4 GPU) 
without compromising CO2/CH4 selectivity. The CO2 permeance of the fiber 
containing 15 wt% PIM-1 improves to 243.2 GPU with a CO2/CH4 selectivity of 34.3 
after silicon rubber coating. The same fiber also has an impressive O2 permeance of 
3.5 folds higher than the pristine Matrimid with an O2/N2 selectivity of 6.1.  
 
In summary, polymeric membranes with exceptional performance that closed or 
surpassed to the Robeson upper bound limit for CO2/CH4, CO2/N2, O2/N2 and H2/CO2 
separations have been developed. These newly developed membranes reveal a great 
potential to be used in a numerous applications in gas separation which include 
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1.1 Demand of alternative energy source 
 
The increase in energy demand has resulted in higher energy prices as well as 
accelerated the depletion of crude oil in the world. According to the U.S. Energy 
Information Administration (EIA), the current crude oil price shot up to USD 96 per 
barrel in Dec 2013 as indicated in Figure 1.1 [1]. Despite fluctuations in the global 
economy, there will be a prolonged upward trend in crude oil price. The sky-high 
crude oil price has diverted the sole demand on it by increasing the use of natural gas 
for electricity production. EIA estimates that natural gas production will increase from 
69.9 Bcf/d in 2013 to 70.4 Bcf/d in 2014 [2]. At the meanwhile, the price for natural 
gas is expected to increase slightly from USD 3.68 per MMBtu in 2013 to USD 3.91 
per MMBtu in 2014 [2]. Nevertheless, the latest BP Statistical Report has reviewed 
that the current crude oil, natural gas and coal reserve are only sufficient to sustain the 
global production for 52.9 years, 55.7 years and 109 years, respectively [3]. It is clear 
that the dire situation requires careful consideration of renewable energy sources to 
replace traditional energy sources. 
 





The renewable energy is the energy derived from natural resources which are 
replenished continually. These include wind energy, solar energy, geothermal energy, 
hydropower energy, biogas energy and biofuel energy [2]. Among various renewable 
energy sources, biogas has emerged as an attractive option because it is clean, cost 
competitive, great energy potential, easy controlled source, and enhance anaerobic 
digesters for manure management [4]. According to the latest report released from 
Global Industry Analysts (GIA), the global biogas plants market is projected to reach 
$8.98 billion by 2017 [5]. In general, biogas is used for heating purposes. It is also a 
substitute for fossil fuels.  
 
Both natural gas and biogas reveal distinct advantages such as stable supply and low 
energy costs due to its abundant supply. The distinct difference in the composition 
between biogas and natural gas is the CO2 content [6]. Biogas has a high CO2 amount, 
while the reverse is observed in natural gas. The presence of high CO2 amount in 
biogas leads to lower energy content per unit volume of biogas if compared with 
natural gas [6]. Besides, CO2 is a greenhouse gas and hence contributes severely to 
the global warming. Despite the numerous advantages of natural gas and biogas, the 
prevailing challenge is removing the CO2 content in natural gas and biogas prior 
distributing it through the gas pipeline. 
 
Other than natural gas and biogas, H2 is revealed as the alternative fuel source. It is 
known that H2 appears most abundantly in the earth. H2 is commonly known as an 
environmentally benign energy carrier as its combustion does not emit CO2. Thus, 
using the H2 as an alternative fuel may provide the security of energy supply and 
simultaneously is an essential solution to mitigate the global warming. In view of the 
potential blooming of H2 as an alternative energy source, the U.S. Department of 
Energy has announced a new funding of up to $9 million added to the funding of $1.2 
billion given in 2003 for R&D activities in hydrogen and fuel cell production and 
application in June 2013 [7]. Nevertheless, H2 does not exist naturally. About 80 % of 
H2 is generated from steam reforming of natural gas and the remaining is produced 
from coal plant and biomass [8]. Generally, the steam reforming of natural gas is 
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coupled with the water-gas-shift reaction to produce more H2 and reduce CO. To 
achieve high purity H2 production, the main contaminant CO2 has to be removed from 
the product stream. In this connection, the removal of the contaminant CO2 in the 
natural gas, biogas and H2 production is necessary in order to yield high process 
efficiency.  
 
The preceding section in the Introduction illustrates an overview of natural gas, 
biogas and hydrogen as an alternative energy source. Nevertheless, a robust 
separation technology is desperately required in order to remove the contaminant 
especially CO2 from the respective energy sources. Thus, the next chapter will discuss 
the available technology for gas treatment and the importance of membrane 
technology followed by the history and development of gas membrane separations. 
This is then followed by a review on the new class of materials for membrane 
fabrication, PIMs based membranes and finally the various modification methods will 
be discussed. 
 
1.2 The important role of membrane technology for gas separation 
 
Natural gas, biogas and H2 have emerged as the alternative energy sources. However, 
these raw gases are contaminated with CO2 which subsequently reduced the process 
competency. The contaminant CO2 has to be removed from the product stream in 
order to achieve high purity natural gas, biogas and H2 production. Therefore, a gas 
treatment process reveals as a necessary step in order to achieve a high purity of CH4 
and H2 before their commercialization.  
 
The conventional techniques for CO2 capture are amine absorption, pressure swing 
adsorption (PSA) and cryogenic separation [9]. The amine absorption technique faces 
disadvantage because it requires a large amount of amine solvent, high energy for 
regeneration process and large industrial footprint. Additionally, the solvent such as 
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monoethanolamine (MEA) used in amine absorption process is corrosive and toxic 
which subsequently will create a lot of environmental issues. The PSA and cryogenic 
separation are not environmentally harmful but they require a number of turbines and 
compressors. Its drawbacks include huge capital cost, high energy consumption and 
large set up spaces. Among available technologies, membrane gas separation stands 
out as a potential technique because it involves no solvent, is environmentally 
friendly, requires a simple operating system and leaves a smaller carbon and 
portability. It has greater advantages appeared to be the next generation process for 
natural gas, biogas and H2 production [9, 10].  
 
In general, the membrane used in gas separation is defined as a thin layer of 
semipermeable active or passive barrier that allows preferable passage of one or more 
molecules in a gas mixture under a pressure gradient [9, 11]. The gas molecules 
diffusing through the membrane are defined as permeate while the remaining gas 
molecules in the feed side are referred as retentate. There are two important 
terminologies for membrane gas separation namely permeability and selectivity. The 
rate of gases permeating through the membrane is termed as permeability. On the 
other hand, selectivity indicates the intrinsic selectivity of a membrane material to the 
mixture of two gases. A schematic illustrating the permeation of gases through a 
membrane is shown in Figure 1.2: 
 
Figure 1.2 Schematic diagram of membrane separation process 
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1.3 Technology milestones of gas separation membranes 
 
In the last 30 years, sales figure of gas separation membrane systems grew to US $150 
million per year [12]. The growth in membrane technologies began with the discovery 
of the gas transport phenomenon through the membrane in 1829. In an air-carbon 
dioxide system, Thomas Graham observed the gaseous osmosis through a wet animal 
bladder [13]. With that, he developed a gas diffusion law which states that the gas 
diffusion rate is inversely proportional to the square root of its density. In 1831, 
Mitchell developed the concept of a semi-permeable membrane. In his experiment, he 
observed that different gases passed through the natural rubber balloons at different 
rates [14, 15]. These findings were crucial for the further development of polymeric 
membranes. In 1855, Fick derived the law of diffusion [16] based on the two 
principles- the law of heat conduction and the law of electrical conduction, formulated 
by Fourier and Ohm, respectively. The equation was derived based on his studies on 
gas transport through the non-porous nitrocellulose membrane. Subsequently, 11 
years later in 1866, Sir Thomas Graham postulated the solution-diffusion model for 
gas transport through a membrane [17]. Graham, like Mitchell, used rubber for his 
membrane. In this solution-diffusion model, he suggested that the gas separation was 
achieved by gaseous dissolute on the membrane surface, and then diffused through 
the membrane due to the concentration gradient and finally gaseously desorbed from 
the membrane. In fact, the solution-diffusion model has since been used to explain 
widely accepted for the gas transport mechanism in a membrane. 
 
Other than the solution-diffusion model, there is a continuous effort in developing the 
gas analysis method. Daynes [18] introduced the time lag method to determine the 
diffusion coefficient of the gases in 1920. In the subsequent 10-30 years, Barrer also 
carried out a series of studies on gas permeability using a large number of polymers 
[9]. The major breakthrough occurred in 1960 when Loeb and Sourirajan invented a 
novel asymmetric cellulose acetate membrane through the phase inversion method 
[19, 20]. This invention further facilitates the growth in membrane technology from 
the laboratory development to the industrial. In 1980, Prism® the first commercial gas 
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separation membrane was produced by coupled with the silicon rubber as defect 
sealing technique that was developed by Henis and Tripodi [21]. This membrane was 
an asymmetric membrane made of polysulfone and coated with a thin layer of silicon 
rubber for the separation and recovery of hydrogen in the ammonia plants. This first 
commercial gas separation method was very successful and it further accelerated the 
use of membrane for a wide range of gas separation applications. The 
commercialization of the gas separation membrane was expanded into the natural gas 
market to remove carbon dioxide. These membranes were made from the same 
polymer, cellulose acetate and fabricated by three different companies, namely 
Cynara (now part of Natco), Separex (now part of UOP) and GMS (now part of 
Kvaerner) [12]. Later, commercial membranes were further modified for the air 
separation industry. The milestone for membrane development is depicted in Figure 
1.3 [12]. Overall, the development of gas separation membrane technology is 
considered as progress at a steady pace. 
 
 




Despite their numerous advantages, there is a room for improvement due to the fact 
that most of the current membrane systems and technologies in the industry for CO2 
and H2 enrichment have relatively low gas separation performance and low thermal 
stability [22]. Besides, it is generally recognized that there are trade-offs between gas 
permeability and selectivity in conventional polymeric membranes. A typical upper 
bound diagram for CO2/CH4 compiled by Robeson with the permeability data from 
different researchers is illustrated in Figure 1.4. It is obvious that there is a trade-off 
line based on the current membrane materials development, higher permeability 
membranes always present with low selectivity and vice versa [23]. Consequently, 
there is a preference for membranes which have the intrinsic properties of high 
permeability and high selectivity for gas separation. 
 
 
Figure 1.4 Upper bound correlations for (a) CO2/CH4 and (b) H2/CO2 separation [23] 
 
1.4 New classes of membrane materials 
 
To improve the membrane gas separation performance, researchers have been focused 
on developing new classes of ultra-high performance materials for gas separation. 
These new polymer types are polyimides, thermally rearranged (TR) polymers, room-





Among these materials, polyimides exhibit high selectivity, high chemical resistance, 
thermal and mechanical stability [24-25]. Polyimides are formed by polycondensation 
of dianhydride and diamine monomers. Aromatic polyimides consisting of 
hexafluoroisopropylidene-diphthalic anhydride (6FDA) have received particular 
interest because of their good CO2 permeability and CO2/CH4 selectivity compared to 
all types of polyimides [26-28]. The general structure of 6FDA-based polyimide is 
depicted in Figure 1.5. The good gas separation performance is ascribed to the steric 
hindrance induced by the CF3 groups in the 6FDA that increases polymer stiffness 
and simultaneously reduces packing efficiency. Amongst the developed polyimides, 
6FDA-durene showed a superior CO2 permeability of 678 Barrer and a CO2/CH4 
selectivity of 20.2 [29]. Nevertheless, the major shortcoming in 6FDA-based 
polyimides is that they tend to plasticize when the separation involves the soluble gas 
such as CO2. In other words, their separation performance generally reduces with high 
CO2 pressure. To overcome the plasticization effect and concurrently increase 
separation factor, physical and chemical cross-linking have been widely used in 












Figure 1.5 General structure of 6FDA-based polyimide 
 
Thermally rearranged (TR) polymers are of interest as another new type of polymers 
for gas separation. They were first reported by Park et al. [35] in the year 2007. The 
TR polymer membranes are formed by thermally rearranging the ortho group of the 
precursor with the polyimide when heated above 300 oC under an inert condition. 
With the loss of carbon dioxide upon modification, a new polybenzoxazole (PBO) 
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structure is formed. The two main factors causing the structural change during 
thermal rearrangement are the change of chain conformation and relocation of the 
spatial structure (Figure 1.6). The change of chain conformation happens in the 
polymer consisting of meta and/ or para-linked chains. Besides, the chain 
conformation changes and induces the spatial relocation which results in the 
formation of micropores and hourglass shaped channels [36]. This causes an increase 
in free volume of the polymer chains. The resultant TR polymers possess high 
permeability and high selectivity with a CO2 permeability of 2000 Barrer and a 
CO2/CH4 selectivity of 45 [35]. As these materials have been just developed in recent 
years, there are many unexplored areas of TR materials. Fundamental study and 
understanding of the effects of precursors and physical aging of TR polymers are 
necessary before commercialization. 
 
 
Figure 1.6 Factors contributed to the thermal rearrangement of polyimides consisting 
of ortho-positioned functional groups where X is O or S (a) change in chain 
conformation and (b) spatial relocation. Reproduced from Park et al. [35] 
 
On the other hand, room-temperature ionic liquids (RTILs) are attractive as “green 
technology” for gas separation because of their thermal stability, inflammability and 
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non-volatility [37]. Because of these characteristics, supported ionic liquid 
membranes (SILMs) are fabricated by incorporating RTILs into a porous support. The 
general structure of RTIL monomers is shown in Figure 1.7. A RTIL consists of a 
cation (e.g.; 1-n-alkyl-3-methylimidazolium cation) and an anion. The SILMs 
membrane made by impregnation of porous polymer films with the ionic liquid has a 
CO2/N2 selectivity of 20 at the testing pressure of 2 bar [38].  
 
Figure 1.7 General structures of room-temperature ionic liquids (RTILs) monomers. 
Reproduced from Bara et al. [37] 
 
Due to the stability concern of these materials, poly(ionic liquid)s (poly(RTIL)s) has 
been developed. Noble’s group was the first to fabricate the poly(RTIL)s by UV 
polymerization of the styrene-based and acrylate-based RTILs on a porous membrane 
[37]. The membrane has a CO2 permeability of 32 Barrer, CO2/N2 and CO2/CH4 
selectivity of 22.9 and 13.9, respectively. The low permeability of the membrane is 
due to the large decrease in gas diffusivity upon polymerization. In order to overcome 
this low permeability, composite membranes were made by polymerizing RTILs with 
the unreacted RTILs. However, the modified membrane has only a slight 
improvement with CO2 permeability of 44 Barrer and a CO2/N2 and CO2/CH4 
selectivity of 39 [39]. Many continuity studies have been carried on the poly(RTIL)s, 
but their permeabilities are still much lower as compared to TR polymers or polymers 
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of intrinsic microporosity (PIMs) [40]. A comprehensive review on PIMs will be 
discussed in the next session. 
 
1.5 Polymers of intrinsic microporosity (PIMs) based membranes 
 
In recent years, a novel class of polymers, polymers of intrinsic microporosity (PIMs) 
has gained much attention due to their large surface area, highly rigid and contorted 
molecular structure that yield a large fractional free volume (FFV) [41, 42]. 
Generally, PIMs have a large FFV due to the contorted site groups that kinked the 
backbone structure with a loose chain packing. In particular, PIMs inherit an effective 
pore dimension of less than 2 nm which make them behave like molecular sieves. 
With the existence of microporous structure in PIMs, PIMs membranes show 
extremely high gas permeability. Besides, PIMs are glassy polymers and amorphous 
structure in nature and they have high thermal stability. Budd et al. were first 
introduced PIMs in 2004 [41, 42]. There is a rapid rise of research interest in PIMs in 
recent years because of the exceptional gas separation performance.  
 
Among all the developed PIMs, PIM-1 and PIM-7 as shown in Figure 1.8 are the 
most mature and studied polymers; they have been validated by different researchers 
[41-49]. The physical properties of PIM-1 and PIM-7 are tabulated in Table 1.1. It can 
be seen that, the surface areas of both PIMs are high and more than 680 m2g-1 because 
of their intrinsic mircoporous structures. Besides, PIM-1 and PIM-7 possess high 
glass transition temperatures more than 350 oC due to their high stiffness and low 





Figure 1.8 Synthesis route of (a) PIM-1 and (b) PIM-7. Reproduced from Budd et al. 
[49] 
 











PIM-1 760 1.06 - 1.09 >350 
tetrahydrofuran, chloroform, 
dichloromethane,  
o-dichlorobenzene, benzyl alcohol 




Their permeability to various gases is shown in Table 1.2. The CO2 permeability of 
PIM-1 and PIM-7 are 2300 Barrer and 1100 Barrer, respectively [49]. The PIM-1 and 
PIM-7 membranes were fabricated from tetrahydrofuran (THF) and chloroform 
(CHCl3). The high permeability in PIM-1 compared to PIM-7 is ascribed to the 
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existence of polar group such as nitrile group in PIM-1 which promotes the 
intermolecular interaction and thus solubility increases. Overall, the gas separation 
performance of PIM-1 and PIM-7 are above Robeson’s upper bound as shown in 
Figure 1.9 [49]. Among all the PIMs synthesized, PIM-1 is one of the most 
recognized types because of its high gas permeability and moderate selectivity [41-
44]. Briefly, PIM-1 is a CO2-selective membrane. 
 





 Ideal Selectivity 
H2 O2 N2 CH4 CO2  H2/N2 O2/N2 CO2/N2 CO2/CH4 H2/CH4 H2/CO2
PIM-1 1300 370 92 124 2300 14.1 4.0 25.0 18.5 10.5 0.6 
PIM-7 860 190 42 62 1100 20.5 4.5 26.2 17.7 13.9 0.8 
 
 
Figure 1.9 The gas separation performance of PIM-1 (■) and PIM-7 (▲) versus 
Robeson’s upper bound for (a) O2/N2 and (b) CO2/CH4 separation. Reproduced from 
Budd et al. [49] 
 
The high permeability of PIM-1 has attracted the research focus on fundamental 
studies of the physical properties of the PIM-1 membrane. Investigations on PIM-1 
such as synthesis condition [45], gas transport properties [50-52], sorption properties 
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[53], aging and free volume properties [54] have been carried out extensively. Studies 
showed that the gas transport properties of PIM-1 are influenced by film formation, 
solvent used and drying protocols [51, 52]. Following the fundamental understanding 
on the PIM-1, additional research studies have extended to explore the possibility in 
design the new PIM structure with enhanced gas separation performance, such as (i) 
post-synthesis modification [48, 55-60], (ii) cross-linking via thermal treatment [61] 
or UV irradiation [62-64], and (iii) mixed matrix membranes [52, 65-67]. 
 
The nitrile group of PIM-1 has been converted to pendant tetrazole groups (TZPIMs) 
through [2+3] cycloaddition reaction or ‘click chemistry’ (Figure 1.10) as reported by 
Du et al. [48]. This reaction is based on the Lewis acid-Lewis base interactions and 
hydrogen bonding between CO2 and N-containing organic heterocyclic molecules. By 
the formation of heterocyclic molecules, the TZPIMs displayed a high CO2 
permeability and high selectivity as they have a higher solubility with CO2 as 
compared to other gases. With the strong hydrogen bonding between the functional 
groups, the TZPIMs becomes insoluble in DCM, THF and CHCl3 but they dissolve in 
aprotic solvents such as DMF, dimethylacetamide (DMAc) and N-methyl-2-
pyrrolidone (NMP). The TZPIM membrane demonstrates superior gas separation 
performance by surpassing the upper bound with a CO2 permeability of 300 Barrer 
and a CO2/N2 selectivity of 30. 
 
Figure 1.10 Modification of PIM-1 to TZPIM with the formation of tetrazole group 
through [2+3] cycloaddition reaction. Reproduced from Du et al. [48] 
 
Du et al. chemically modified and replaced the nitrile groups in PIM-1 by carboxylic 
groups through hydrolysis [55-57]. Figure 1.11 illustrates the schematic diagram for 
hydrolysis of PIM-1 [55]. The degree of hydrolysis could be tuned with the reaction 
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temperature and hydrolysis duration. The CO2 permeability of the membranes 
hydrolyzed at 120 oC for 1 hr and 5 hr are 2543 Barrer and 620 Barrer with CO2/N2 
selectivity of 16 and 26, respectively. Overall, the carboxylated PIM-1 membranes 




Figure 1.11 Hydrolysis route of PIM-1. Reproduced from Du et al. [55] 
 
Mason et al. [58] converted the nitrile group in PIM-1 to the thioamide groups by 
using the thionating agent, phosphorus pentasulfide in the presence of sodium sulfide 
(Figure 1.12). The introduction of thioamide groups is aimed to enhance the 
interaction between polymer and penetrants. The thioamide-PIM-1 is not soluble in 
CHCl3 but soluble in common polar aprotic solvents such as THF, N, N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and DMAc. The modified 
thioamide-PIM-1 membrane has an improved in selectivity but a reduced permeability 
as compared to the pristine PIM-1 membrane. The thioamide-PIM-1 has a CO2 




Figure 1.12 Conversion of PIM-1 to thiomide-PIM-1. Reproduced from Mason et al. 
[58] 
 
Azide-based cross-linking of PIM-1 was performed by Du et al. [59] via nitrene 
reaction by using diazide as cross-linkers. The cross-linking reaction happened upon 
thermal treatment on the PIM-1/diazide membranes; the diazides decompose and 
release the reactive divalent nitrene group. The divalent nitrene group reacts with the 
alkyl C-H group and forms a covalent cross-linked network. The membrane 
incorporated with 5 mol% diazide into PIM-1 has a CO2 permeability of 1606 Barrer 
with a CO2/N2 selectivity of 22.6. In comparison to PIM-1, the higher loading of 
diazide in PIM-1, the membranes exhibit higher gas selectivity coupled with a 
reduction in gas permeability. The cross-linked PIM-1/diazide membranes showed 
plasticization resistant up to 20 atm for pure CO2 and CO2/CH4 binary gas tests. 
 
The TZPIM membranes were too brittle when the degree of conversion ratio of nitrile 
groups was more than 70 % due to the strong hydrogen bonding interactions between 
the functional groups. The schematic of conversion is shown as Figure 1.13. To 
reduce the hydrogen bonding, Du et al. [60] methylated the tetrazole rings in TZPIM 
with methyl tetrazole groups to form methyl tetrazole PIMs (MTZ-PIMs) membrane. 
The MTZ-PIMs membrane has improved in solubility which gives high gas 
permeability with a slight decrease in selectivity. It exhibits a CO2 permeability of 




Figure 1.13 Conversion of PIM-1 to methylated tetrazole PIMs (MTZ-PIMs) via 
[2+3] cycloaddition reaction and subsequent substitution of methyl tetrazole groups. 
Reproduced from Du et al. [60] 
 
On the other hand, Li et al. [61] studied self-cross-linking reaction in the nitrile group 
of PIM-1 via thermal treatment. Figure 1.14 presents the nitrile group of PIM-1 
converted to triazine rings at the elevated temperature for a prolonged treatment time. 
Moreover, the self-cross-linking reaction in PIM-1 induces a decrease in the inter-
chain spacing with an increase in free volume and thus permeability increases. The 
PIM-1 membrane heated at 300 °C for 2 days shows the CO2 permeability of 4000 
Barrer with CO2/CH4 and CO2/N2 selectivity of 54.8 and 41.7, respectively. The 
resultant membrane exhibits an exceptional gas separation performance that surpasses 




Figure 1.14 Trimerization of the nitrile groups in PIM-1 to form triazine rings. 
Reproduced from Li et al. [61] 
 
Other than chemical and thermal cross-linking, UV cross-linking has been used in 
modifying the PIM-1 by various research groups [62-64]. The modified PIM-1 
membranes show an increase in the selectivity for different gas-pairs by treatment at 
various UV durations. With a UV irradiation for 4 hr, the resultant PIM-1 membrane 
shows an increase in H2/CO2 selectivity from 0.6 to 7.3 with H2 permeability of 452 
Barrer [63]. The improvement in H2/CO2 selectivity is caused by the tightening in 
polymer chains which results in a decrease in the inter-chain spacing. In contrast, the 
PIM-1 membrane has an enhancement in CO2/CH4 selectivity from the original value 
of 13.5 to 31.5 with a CO2 permeability of 1364 Barrer by exposure to UV irradiation 
for 60 min [64]. 
 
Another possible route to modify PIM-1 includes the fabrication of mixed matrix 
membranes (MMMs) that consists of organic polymer and inorganic particle. The 
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inorganic particles that have been incorporated in PIM-1 included silica [52], 
silicalite-1 (MFI) [65], zeolitic imidazolate framework (ZIF-8) [66] and 
functionalized multi-walled carbon nanotubes (f-MWCNTs) [67]. The MMMs made 
of PIM-1 and fume silica nanoparticles was studied by Ahn et al. [52]. The membrane 
with 24 vol% of fume silica in PIM-1 has a CO2 permeability of 13400 Barrer with a 
decrease in CO2/N2 selectivity from original 15 to 7.5. The decrease in the selectivity 
is ascribed to the formation of macrovoids at the interface of polymer and 
nanoparticles, between the aggregation of nanoparticles and disruption of 
nanoparticles in the polymer chain packing. 
 
Mason et al. [65] fabricated PIM-1/silicalite-1 (MFI) MMMs. The silicalite-1 was 
functionalized with 2-phenylethyl groups to create hydrophobicity with the PIM-1 in 
MMMs. The PIM-1/MFI membrane has an improvement in CO2/N2 selectivity from 
24 to 30 with a CO2 permeability of 2530 Barrer. In a pervaporation test, the 
ethanol/water selectivity of the PIM-1/MFI membrane has increased from 4.3 to 5.7 
which is attributed to the cross-linking effect of MFI that reduces the swelling. 
 
MMMs consisting of PIM-1 and ZIF-8 were studied by Bushell et al. [66]. The as-cast 
membrane made from 43 vol% of ZIF-8 into PIM-1 has a CO2 permeability of 6300 
Barrer with a CO2/CH4 selectivity of 14.7. For the membrane with the same loading 
of ZIF-8 and treated with methanol, the CO2 permeability increased to 19350 Barrer 
with a decreased in CO2/CH4 selectivity to 7.3. The enhancement in permeability 
resulted from the increase in free volume from (i) ZIF-8 cavity and (ii) ZIF-8 and 
PIM-1 interface induced loose chain packing. In contrary, the decrease in selectivity 
for the methanol treated MMMs is due to the more significant effect of additional free 
volume in the polymer matrix and at the interface which created defects as compared 
to the effects of penetration of smaller gas molecules inside the ZIF-8. 
 
Khan et al. [67] fabricated MMMs based on PIM-1 and f-MWCNTs. To promote a 
greater dispersion with PIM-1 in the polymer matrix, the f-MWCNTs were 
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functionalized with polyethylene glycol (PEG). A trade-off relation of permeability 
and selectivity is shown for the CO2/CH4 separation. The 2 wt% of f-MWCNTs in 
PIM-1 gives an increase in CO2 permeability to 12274 Barrer with reduces in 
CO2/CH4 selectivity to 8.3. 
 
1.6 Molecular modification of polymeric membrane 
1.6.1 Polymer blends 
 
Approaches such as synthesize new materials [9, 10, 12, 24, 35-51, 58, 60] and 
modify existing materials [9, 10, 12, 27, 28, 30-34, 40, 52, 55-57, 59, 61-67] have 
been employed to molecularly tailor the membrane materials with improved 
separation performance. Compared to synthesize new materials, modify existing 
materials reveal as a viable and safe approach. Among all the approaches, polymer 
blend has been recognized as one of the most cost- and time-effective ways. This is 
because it combines the distinct and synergetic properties of the pristine materials into 
a new compound and overcome the materials deficiencies that are difficult to be 
obtained via other syntheses methods [68, 69].  
 
Despite its advantages, one of the limitations in polymer blends is the miscibility and 
homogeneity of the blend components. Generally, polymer blends can be categorized 
as miscible, partially miscible and immiscible. Miscible blends refer to a 
homogeneous system with a single phase properties where the two pristine polymers 
dissolve in each other at molecular level [69]. The interactions between molecules 
such as charge transfer interactions, ionic bonding, and hydrogen bonding are the 
driving force for miscible blends. Whereas in the immiscible blends, there exists an 
interface between two components as they tend not dissolve in each other [69]. 
Partially miscible blends are liaising between the homogeneous and immiscible 
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blends, where one component tends to dissolve partially into another component [70]. 
Due to the different structure and chemical potential of polymers, a fully miscible 
blend system at a molecular level is rarely achieved. The first criteria for the selection 
of appropriate polymer pairs for blending is whether the both polymers able to 
dissolve in the same solvent.  
 
Various methods are available in determine the miscibility in a blend systems. Among 
them, optical inspection is one of the simplest ways to visualize the blend morphology 
[71]. Glass transition temperature (Tg) of the polymer blends is another route to 
determine the extent of miscibility. In fully miscible blends, it is generally accepted 
that there is only one Tg [69, 72]. For the immiscible blends, two individual Tgs which 
denote the individual pristine component are observed [72]. Besides, for the partially 
miscible polymer blends, the two Tgs may shift towards each other with the increase 
loading of one component [72]. 
 
Miscible blends could be obtained for the blends of Tolon/Matrimid [71], 
Torlon/polybenzimidazole (PBI) [71], poly(phenylene oxide) (PPO)/polysulfone  
(PSF) [73], Matrimid/ PSF [74, 75], Matrimid/P84 [76] and Matrimid/PBI [77]. Wang 
et al. studied the blend of Torlon with Matrimid or PBI [71]. Miscible blends were 
formed owing to the existence of hydrogen bonding between polymers but no gas 
permeability of these blends was reported. Miscible PPO/PSF blends were achieved in 
the work of Maeda and Paul [73]. The CO2/CH4 selectivity of the blends is greater 
than the pristine polymers. This is ascribed to the strong interactions between the 
polymers.  
 
Kapantaidakis et al. blended Matrimid with PSF [74]. The incorporation of high 
plasticized resistant PSF, the resultant blend membranes have two-fold increase in the 
plasticization pressure compared to original Matrimid membrane. Moreover, the 
Matrimid/PSF membranes exhibit high thermal and chemical resistance as compared 
to the neat PSF membrane. In the extension of work on Matrimid/PSF membranes, 
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Kapantaidakis et al. [75] reported that only the PSF-rich region able to form miscible 
blends by casting with a common solvent. An increase in the Matrimid content 
increases the fluctuations in concentration with the existence of two Tgs. 
 
The suppression of CO2 plasticization by polymer blending has been revealed in the 
work of Bos et al. [76] The Matrimid/P84 membranes show an improvement in 
plasticization pressure and CO2/CH4 selectivity. Hosseini et al. [77] fabricated 
Matrimid and PBI membranes. The strong hydrogen bonding interaction between the 
functional groups of polymer has promoted the miscibility blends. Besides, the 
addition of PBI improves the CO2/CH4 selectivity while a reduction in CO2 
permeability. 
 
1.6.2 Chemical modifications 
 
The other strategy in tuning the gas separation properties is to apply chemical cross-
linking. The common chemical reagents used in cross-linking such as solutions 
contain of diamine and diol. The diamine cross-linking modification was first reported 
by R.A. Hayes in his patent to improve O2/N2 selectivity [78]. This diamine cross-
linking modification involves in the reaction of an imide ring with diamines to 
produce an amide cross-linking network. After crosslinking the (2,2’-bis(3,4-
carboxylphenyl) hexafluoropropane dianhydride) (6FDA) membrane with 
triethylenetetramine (TETA) and pentaethylenehexamine (PEHA), its O2/N2 
selectivity improved from 3.8 to 6.8 and 9.8, respectively.  
 
Besides, an enhanced He/N2 selectivity from 10 to 86 and an O2/N2 selectivity from 
4.1 to 5.9 has shown in Liu et al.’s work [79] for their work on the 6FDA-durene 
films cross-linked with p-xylenediamine (pXDA). Tin et al. [80] confirmed the 
increment in He/N2 selectivity by cross-linking Matrimid membranes with pXDA. 
The modified membranes were also able to suppress the plasticization phenomenon. 
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Many other researchers also studied the diamine cross-linking to enhance 
plasticization [81] and solvent resitance [82].  
 
In addition, diamine cross-linking modifications have been proposed for improving 
the H2/CO2 selectivity in recent years. Chung et al. [83] cross-linked 6FDA-durene 
membranes with trimethylenediamine (TMEDA) and the H2/CO2 selectivity increased 
significantly from 1 to 101 after the modification. Low et al. [33, 84] examined the 
effect of cross-linking 6FDA-based membranes by aliphatic diamines and proposed 
the cross-linking mechanisms. The TMEDA cross-linked membranes displayed a 
remarkable improvement in H2/CO2 selectivity from 2.3 to 64 [33]. However, the 
permeability of all these membranes decreased dramatically after cross-linking 
modification.  
 
To improve permeance and membrane mechanical strength, Chung and co-workers 
have modified the process of cross-linking modifications using the vapors of 
ethylenediamine (EDA) and diethylenetriamine (DETA) [85-87]. A significant 
enhancement in H2/CO2 selectivity was achieved within a short duration of cross-
linking modifications. Wijenayake et al. adopted a similar method by applying EDA 
vapor to cross-link the 6FDA-Durene and ZIF-8 membranes surface and improve the 
gas pair selectivity [88]. 
 
Other than diamine cross-linking, Wind et al. studied diol cross-linking of polyimides 
with ethylene glycol (EG), butylene glycol (BG), 1,4-cyclohexanedimethanol 
(CHDM) and 1,4-benzenedimethanol (BDM) [25]. The CO2 permeability of 
membranes cross-linked with BG and CHDM increases by factors of 4.1 and 2.4, 
respectively. Lieu et al. modified the 6FDA-NDA/DABA membranes by diol cross-
linking for ethanol dehydration [89]. The diol modified membranes display 




1.6.3 Thermal modifications 
 
The structure of glassy polymers depends on their thermal history. Microvoids or 
additional free volume are created during formation of glassy state from the liquid 
state [24]. Cross-linked membranes may have higher selectivity due to the increase in 
packing density and restriction of mobility in polymer chains. Bos et al. studied the 
thermally induced cross-linking on Matrimid membranes [90]. The heat treated 
membrane able to suppress the CO2-induced plasticization because of the formation 
of charge transfer complexes (CTCs). The permeability of the heat treated membranes 
decrease dramatically. 
 
In the study of Chung et al. [91], the poly(2,6-toluene-2,2-bis(3,4-dicarboxyphenyl) 
hexafluoropropane diimide) (6FDA-2,6 DAT) hollow fiber membranes after thermal 
treatment improved in membrane stability with better anti-plasticization behavior. 
Yanagishita et al. [92] studied the gas transport properties for thermally treated P84 
co-polyimides membranes. The permeability of the thermally modified membranes 
decreases with increasing pressure due to the thermally induced densification in the 
membrane structures.  
 
1.6.4 UV modifications 
 
UV cross-linking reveals as one of the modification methods in the polymeric 
membranes in improving the selectivity. Kita et al. [93] studied the UV cross-linking 
reactions in benzophenone-containing polyimides. The membrane shows an 
improvement in selectivity with a significant reduce in permeability upon UV 
modification. This is likely due to the densification of membrane structure which 
subsequently restricted the mobility of polymer chains. Wright and Paul [94] applied 
UV irradiation on polyarylates membranes. The UV modification induces photo-Fries 
re-arrangements and cross-linking in the polymer chains. The selectivity of 
26 
 
membranes increases while the permeability decreases with UV irradiation duration. 
The decrease in permeability is ascribed to the reduction in the diffusion coefficients. 
 
1.7 Research objectives and organization of dissertation 
 
In the review section, it was shown that there is a potential market for gas purification 
by using membrane separation because of its environmental friendliness, low cost, 
systemic simplicity and space saving features. Nevertheless, a robust and high 
performance membrane is desperately required in separating a high input rate of 
biogas. More specifically, the desired membrane should have reasonably good 
properties such as high separation performance, thermal resistance, chemical 
resistance, plasticization resistance, mechanical stabilities, processability and 
durability. In general, there are three categories of membrane materials such as 
polymers, inorganics and organic-inorganics hybrid. Among all these materials, 
polymeric membrane is the most suitable candidate. However, to date, the polymeric 
membrane in the market suffers from the upper bound trade-off between permeability 
and selectivity where a high permeability membrane always comes along with a low 
selectivity and vice versa [22, 23]. Therefore, it is clear that there is a need for further 
the development of next-generation polymeric membrane that surpasses the upper 
bound for industrial application.  
 
In an effort to develop next-generation membranes with superior gas separation 
performance, the main objectives of this research are (1) fabrication of polymer blend 
membranes with enhanced gas separation properties, (2) development of diamine 
modified membranes for H2/CO2 separation, (3) fabrication of polymer blend 
membranes with improved plasticization effects and (4) production of hollow fiber 
membranes for CO2/CH4 and O2/N2 separation. It would contribute to the basic 
material research for next-generation gas purification membranes. In the next session, 




This dissertation is organized and structured into 8 chapters. The Chapter 1 is an 
introduction on the demand for alternative energy followed by the reviews on the 
emerged of membranes for natural gas, biogas and hydrogen separations, membranes 
historical development and various industrial applications. Besides, the current 
challenges faced in the membrane technology for gas separation are discussed. The 
last few sessions in the Introduction highlight new classes of membrane materials, 
membrane modification methods and the specific research objectives. Next, the 
Chapter 2 provides fundamental and background knowledge of gas transport 
mechanism and specifically in glassy polymers. Subsequently in Chapter 3, 
methodologies for this research are included such as materials, polymers synthesis 
steps, dense membrane and hollow fiber membrane fabrication procedures. Other than 
that, characterization methods for physical properties of the membrane and gas 
transport properties are presented. 
 
Additionally, in order to achieve the above listed objective, the scopes of this study 
are drawn into 4 chapters started from Chapter 4. In Chapter 4, the effects of PIM-1 in 
polyimide Matrimid blend membranes are investigated. The phase behavior, charge 
transfer complexes and possible interactions in PIM-1/Matrimid blends are 
characterized. Furthermore, the enhancement of permeability or selectivity in the 
resultant membranes is explored.  
 
Chapter 5 explored the molecular alteration of the PIM-1/Matrimid membrane 
properties from CO2-selective to H2-selective. For the first time, a simple method to 
tune the intrinsic properties of PIM-1 blend membranes via blending with Matrimid 
and subsequently cross-linking the mixed matrix membrane by diamines at room 
temperature is reported. In this chapter, a fundamental study is investigated on the 
effects of different diamines types and different immersion durations in the PIM-
1/Matrimid membrane. The gas transport properties and changes in the membrane 




Chapter 6 focuses on the gas transport properties and plasticization effects on another 
polyimide, Torlon. It is noticed that Torlon is not soluble in most of the solvents of 
PIM-1. Thus, different from previous three chapters, PIM-1 is then modified by 
hydrolysis to a new type of polymer namely decarboxylated PIM-1 (cPIM-1) and 
further incorporated in Torlon. The physicochemical properties of the cPIM-1/Torlon 
membranes are characterized and the gas transport properties and plasticization 
effects are discussed. 
 
To study the scale up possibility, the hollow fiber membranes consisting of PIM-1 and 
Matrimid are fabricated and presented in Chapter 7. The fundamental of the science 
and engineering formation of the hollow fiber membranes are discussed. In addition, 
the development of high performance defect-free PIM-1/Matrimid hollow fiber 
membranes with an ultrathin dense-selective layer is investigated. 
 
Lastly, a summary that concludes some key findings from this research study is 
presented in Chapter 8. In the last section, some recommendations for the future 
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2.1 Gas transport mechanism 
 
The transport mechanisms are categorized based on the membranes types, namely 
porous and non-porous membranes. In a porous membrane, the gases are separated 
based on their molecular size through the porous structure in the membrane by 
Poiseuille flow, Knudsen diffusion and molecular sieving. On the other hand, the 
gases are separated through solution-diffusion mechanism in a non-porous membrane. 
The four typical transport mechanisms in gas membrane are depicted in Figure 2.1. 
 
 
Figure 2.1 Schematic diagram of transport mechanism in gas separation membranes 
 
2.1.1 Poiseuille flow 
 
Poiseuille flow is also known as viscous flow. It occurs when the pore radius (r) in 
membranes is larger than the mean free path (λ) of the gas penetrants. The mean free 
path refers to the average distance traversed by a gas molecule during collisions and is 
represented by equation (2.1). During collisions, the membrane contains pores large 
enough to allocate convective flow, where gas molecules collide exclusively with 
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each other and there is no separation between the gas components. Poiseuille flow 
takes place when the membranes have much larger pore sizes than gas molecules 









                                                                                      (2.1) 
where η is the gas viscosity, P is the pressure, T is the temperature, R is the universal 
gas constant and M is the gas molecular weight. 
 
2.1.2 Knudsen diffusion 
 
Knudsen diffusion happens when the pore size of the membrane decreases to 50-100 
Å in diameter [1]. The penetrant gas flows through the membrane almost independent 
from each other during Kundsen diffusion. For an equimolar feed, the selectivity, α 
induced by Knudsen diffusion is inversely proportional to the square root of the 




M/                                                                                                 (2.2) 
where Mx and My are the gas molecular weights of gas x and gas y, respectively. 
Membrane with Knudsen diffusion is not favorable for industrial application due to its 
relative low gas-pair selectivity. 
 
2.1.3 Molecular sieving 
 
Molecular sieving mechanism is the separation based on the size discrimination 
between gas penetrant in the pores less than 7Å in diameter. In this transport 
mechanism, gases with small molecular size and high diffusion rate are able to 
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permeate through the ultramicropores of the polymer while the gases with large 
molecular size will experience a stronger repulsive force and restricted them from 
passing through. In general, molecular sieving is the main mechanism for inorganic 
separation such as zeolites and carbon molecular sieves [2]. The porous membrane 
yields high permeability while the selectivity is based on the size discrimination 
between the gases. 
 
2.1.4 Solution diffusion 
 
The solution diffusion mechanism is most profound in explaining the transportation of 
gases in dense or non-porous polymeric membranes. Conceptually, this mechanism 
comprises of three steps. Firstly, gases adsorb into the polymer at the boundary in 
contact with the feed. Secondly, gas molecules diffuse across the membranes through 
a concentration gradient. Thirdly, gases desorb at the permeate side.  
 
The Fick’s diffusion law can used in derived the separation mechanism. In general, 





                                                                                   (2.3) 
where J is gas flux (mol.cm-2.s-1), D is the diffusion coefficient of a gas molecule 
(cm2s-1), x is the position (cm) and c is the concentration (mol.cm-3). 
Integrate on equation 2.3 give: 
 
l
ccDJ 21                                                                                               (2.4) 
where l is the membrane thickness. According to the Henry’s law, the concenration, c 
is proportional to the applied pressure in gas phase as below: 
pSc                                                                                               (2.5) 
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where S is solubility coefficient (cm3.cm-3/cmHg), p is the applied pressure (cmHg).  
Combine equation 2.4 and 2.5 to give: 
 
l
ppDSJ 21                                                                                    (2.6) 
 
l
ppPJ 21                                                                                               (2.7) 
where p is ambient pressure at both sides and P is the permeability. The permeability 
of membrane is a function of diffusivity (D) and solubility coefficient (S) as follows: 
SDP                                                                                               (2.8) 
 
The diffusivity coefficient depends on the mobility of gas molecules penetrate 
through the cavities of the membrane. There are several factors influenced in the gas 
diffusivity which includes: (i) size and shape of the gas molecules, (ii) mobility of the 
polymer chains, (iii) cohesive energy density of the polymer and (iv) free volume 
distribution of the polymer [3]. The solubility coefficient refers to the number of 
molecules dissolves in the polymer matrix. The solubility coefficient is affected by: 
(i) condensability of the penetrant gases, (ii) interaction between the penetrant gases 
and the polymer and (iii) chain packing density in the glassy polymers [4].  
 
Basically, the membrane performance is determined by two important parameters 
which are permeability and selectivity. Permeability indicates the flux or the capacity 
of a membrane for processing the gas permeate while selectivity denotes the 
separation efficiency. The permeability of a membrane to a gas penetrant is then 
defined as: 
 12 pp




where P is the gas permeability of a membrane in Barrer (1 Barrer = 1 x 10-10 cm3 
(STP) cm/cm2s.cmHg) [5], N is the steady-state gas flux through the membrane, p1 
and p2 are the downstream and upstream pressures, respectively and l is the membrane 
thickness.  
 
The ideal selectivity between two different gases in a polymeric membrane is the ratio 












P                                                                                  (2.10) 
where PA and PB are the gas permeability of gases A and B, respectively, DA/DB is the 
diffusivity selectivity and SA/SB is the solubility selectivity. 
 
2.2 Gas transport in glassy polymers 
 
Polymers can be grouped as glassy and rubbery polymers. Glassy polymers are non-
equilibrium state in nature which causes the transport properties and sorption in glassy 
polymers are different than in rubbery polymers. Glassy polymers have glass 
transition temperature (Tg) above the room temperature while the reverse is observed 
in rubbery polymers. Glassy polymers with the intrinsic high Tg are generally hard 
and brittle along with constraint polymer chain mobility. When glassy and rubbery 
polymers are cooled from above Tg, a greater specific volume is observed for glassy 
polymer if compared to an equivalent hypothetical rubber polymer. Figure 2.2 





























Figure 2.2 Specific volumes for glassy and rubbery polymers 
 
2.2.1 Dual-mode sorption model 
 
The diffusion of gas molecules in glassy polymers is explained by dual-mode sorption 
model [6, 7]. The dual-mode sorption for glassy polymers comprises of Henry and 
Langmuir sorption as shown in Figure 2.3. At the Henry sorption side, the gas 
molecules experience ordinary dissolution mechanism in the polymer matrix while at 
Langmuir sorption side; the polymers have the hole-filling process. According to 
Henry’s law isotherm, the gas concentration, CD is: 





The gas concentration, CH for Langmuir isotherm is: 
bp
bpCC HH  1
'
                                                                                         (2.12) 
Combine equation 2.11 and 2.12 gives the overall dual-mode gas concentration, C as 
follows: 
bp
bpCpkCCC HDHD  1
'
                                                                            (2.13) 
where C is the total gas concentration in a glassy polymer, kD is the Henry’s law 
coefficient, C’H is the Langmuir capacity parameter and b is the hole affinity 
parameter. The kD parameter represents the penetrant dissolved in the polymer matrix 




CS HDHD  1
'
                                                                            (2.14) 
where S  is the solubility of penetrant, SD and SH are solubility values based on 
Henry’s law and Langmuir-type sorption, respectively. Gas solubility in glassy 
polymers is particularly higher than in rubbery polymers because of the existence of 














2.2.2 Factors affecting gas transport properties 
 
2.2.2.1 Penetrant size and shape 
 
Penetrant size affects the diffusivity coefficient. In general, the diffusivity coefficient 
decreases with the increase in gas penetrant size. The diffusivity coefficient is 
proportional to the mean molecular velocity and the mean free path of the gas 
penetrant. As such, gas penetrants go through diffusive jumps when the penetrant 
sizes are feasible with the polymer gaps. In most cases, glassy polymer membrane 
possesses high selectivity because of its high diffusivity selectivity. The kinetic 
diameter is typically used in representing the penetrant size. Conceptually, a gas 
molecule with smaller a kinetic diameter has a higher diffusive jump and thus yields a 
better diffusivity coefficient. The kinetic diameter and critical temperature for 
common gases are shown in Table 2.1 [8]. In general, it is easy to separate H2 from O2 
due to the difference in their kinetic diameter.  
 
Table 2.1 Physical properties of common gases 
Properties H2 CO2 O2 N2 CH4 
Kinetic diameter (Å) 2.89 3.30 3.46 3.64 3.80 
Critical temperature, Tc (K) 33.3 304.2 154.6 126.2 190.7 
 
Other than penetrant size, the diffusivity coefficient is affected by the shape of the 
penetrant. Linear molecules such as CO2 have higher diffusivity than an equivalent 
molecular volume of the spherical molecules [9]. The correlation of gas diffusion with 




D                      (2.15) 
where τ and η are polymer-dependent parameters, and VC  is the penetrant critical volume.  
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2.2.2.2 Penetrant condensability 
 
Penetrant condensability affects the gas solubility. The gas solubility in polymers 
increases with increasing gas condensability. The gas condensability is determined by 
its critical temperature, Tc. For example, CO2 with Tc of 304.2 K is more soluble than 
CH4 of 190.7 K in a polymer matrix. On the other hand, the separation becomes more 
complicated when considering the competitive effect of penetrant size and 
condensability. It is challenging to separate H2 and CO2 via polymeric membranes. 
This is because H2 has a smaller diameter than CO2 which yields better diffusivity 
selectivity in polymer. However, the CO2 is more condense than H2 which may 
enhance the solubility selectivity in the membrane. Thus, most polymeric membranes 
show poor H2/CO2 selectivity. Since CO2 is more condense and permeable than N2 
and CH4, it is more feasible to separate CO2/CH4 and CO2/N2. 
 
2.2.2.3 Operating pressure 
 
The sorption of gases in membrane changes with the operating pressure. The gas 
solubility for glassy polymers typically decreases with increasing pressure as 
predicted by dual-mode sorption model. The effect of operating pressure on gas 
diffusivity is different for condensable penetrant gases and low-sorbing penetrant 
gases. For condensable penetrant gases, Flory-Huggins behavior [6] with an increase 
in diffusion coefficient is observed where the overall leads to reduced coefficient at 
high solute pressure and vapor activity [11]. The Flory-Huggins equation is shown as 
follows [6]: 
2)1()1(lnln                 (2.16) 
where α is penetrant activity (e.g.; the contacted penetrant pressure with polymer 
divided by penetrant vapor pressure for ideal gases), ϕ is the volume fraction of 
penetrant dissolved in the polymer and χ is the Flory-Huggins interaction parameter. 
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On the other hand, the diffusion coefficients are generally independent from the gas 
concentration in the polymer for low-sorbing penetrant gases. In other words, the 
permeability of low-sorbing penetrant gases has little or almost no change in 
permeability with increasing operating pressure. Nevertheless, for condensable gases, 
the permeability in glassy polymers may increase with increasing pressure due to the 
pressure induced plasticization phenomenon. 
 
2.2.2.4 Operating temperature 
 
Sorption is a thermodynamic factor which involves gas dissolution into the polymer in 
addition to the adsorption on the polymer surface. The dissolved amount is typically 
much larger than the adsorbed amount. On the other hand, diffusion is a kinetic factor 
and it is related to how fast a gas molecule can passing through the membrane. Both 
are activated energy processes and affected substantially by temperature with the 
following relationships. 
 
The correction of operating temperature with the gas transport performance can be 
correlated with Arrhenius equation. The temperature dependence of the diffusion 





EDD Do exp                 (2.17) 
where Do is a constant and ED is the activation energy of diffusion. 
 
The relationship between temperature and gas solubility in a polymer is explained in 





HSS So exp                 (2.18) 
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where So is a constant and ΔHS is the partial molar enthalpy of sorption. Referring to 






EPP Po exp                 (2.19) 
where Po = Do x So is a constant and EP = ED + ΔHS is the activation energy of 
permeation. 
 
ED generally is positive in most scenarios and the magnitude of ED is affected by 
cohesive energy density and chain rigidity of polymer. On the other hand, ΔHS may be 
positive or negative as it is a combination of enthalpy of mixing and enthalpy of 
condensation of gas penetrant. Since the absolute value of ED is much larger than ΔHS 
as the stronger diffusivity than solubility as a function of increasing temperature, thus, 
the gas permeability for glassy polymer generally increases with an increase in 
temperature. 
 
2.2.2.5 Polymer free volume 
 
Polymer free volume is one of the characteristic parameters that affecting the gas 









exp                  (2.20) 
where Ao is a pre-factor, Vf  is the average free volume in the system, γ is a parameter 
of order unity introduced to prevent double counting of free-volume elements in the 
theory leading to this equation, and V* characterizes the size of diffusing molecules. 




According to Bondi, the specific volume, V, is calculated from the measured density 
and the occupied volume, Vo, is determined by the equation: Vo =1.3Vw, where Vw is 
the van der Waals volume obtained using the Bondi’s group contribution [13]. Thus, 
the average free volume in the system becomes: 
wof VVVVV 3.1                                                                              (2.21) 
 
Subsequently, the specific volume can be correlated to the empirical dimensionless 
parameter, namely fractional free volume (FFV) to characterize the free volume in 





VVFFV fO                                                                               (2.22) 
 










BAD expexp                                                                       (2.23) 
Therefore, the diffusivity coefficient increases with increasing in free volume. As a 
result, the permeability increases.  
 
2.2.2.6 Polymer chain mobility 
 
Chain mobility refers to polymer segmental motion and it affects the diffusivity 
coefficient of the gas penetrants. The polymer segmental motion is important to 
provide sufficient space to allow gas penetrates through the cavity of the polymer. For 
example, flexible chemical bonds such as -O- and -CH2- have been introduced into 
the polymer backbone in order to increase the polymer chain mobility. On the other 
hand, the addition of some rigid aromatic groups or bulky side groups which restrict 
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3.1.1 Polymers and solvents 
 
In this study, polyimides were used as the one of the polymers. Commercially 
available polyimide, Matrimid powder was supplied by Vantico Inc and Huntsman 
Advanced Materials. Another type of polyimide, Torlon 4000TF polyamide imide 
(PAI) was supplied by Solvay Advanced Polymers. In order to ensure no moisture is 
trapped in the powder, it was dried overnight at 120 oC under vacuum before use. 
PIM-1 was synthesized polycondensation of two monomers namely 5,5',6,6'-
tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane (TTSBI, 97 %) and 2,3,5,6-
tetrafluoroterephthalonitrile (TFTPN, 99 %) and they were purchased from Alfa 
Aesar and Matrix Scientific, respectively. TTSBI was purified by re-crystallization in 
methanol, while TFTPN was sublimated under vacuum prior to use. The chemical 
structures of Matrimid, Torlon, TTSBI and TFTPN are depicted in Figure 3.1. N-
methyl-2-pyrrolidone (NMP, > 99.5%) from Merck was further purified via vacuum 
distillation before use. Anhydrous potassium carbonate (K2CO3, > 99.5%) and sodium 
hydroxide (NaOH, ≥ 98%) from Sigma Aldrich were used as received. Methanol 
(MEOH, ≥ 99.9%) and N, N-dimethylformamide (DMF, > 99.5%) from Merck were 
used without further purification. Hydrochloric acid (HCl, 37.5%), ethanol (EtOH, ≥ 
99.9%), dichloromethane (DCM, 99.99%), tetrahydrofuran (THF, 99.99%) and n-
hexane (≥ 99.9%) from Fisher Scientific were used as received. 
 
3.1.2 Diamine modification reagents 
 
Diamines were employed as the modification reagents. Ethylenediamine (EDA), 
Trimethylenediamine (TMEDA) from Sigma Aldrich, 1,4-diaminobutane (BuDA), 
Triethylenetetramine (TETA) from Fluka and p-xylenediamine (pXDA) from TCI 











































































Figure 3.2 Chemical structures of diamines: (a) EDA; (b) TMEDA; (c) pXDA;  
(d) BuDA and (e) TETA 
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3.2 Polymer synthesis 
3.2.1 Synthesis of polymer of intrinsic microporosity (PIM-1) 
 
The synthesis of PIM-1 was carried out by using a solution consisting of equal molar 
ratio of TTSBI and TFTPN with a stoichiometric amount of anhydrous K2CO3 
dissolved in anhydrous NMP under nitrogen atmosphere [1-3]. The chemical structure 
of PIM-1 is illustrated in Figure 3.3. The solution was purged with nitrogen for 30 
min to remove trapped moisture and air prior to heating up to 60 oC for condensation 
polymerization. The reaction was carried out for 24 h and then precipitated and 
washed with MEOH. The fluorescent yellow solid was washed in a 0.1 wt% HCl 
aqueous solution to remove the catalyst. The product then filtered, washed with 
deionized water and washed again with MEOH for removing the HCl residual. The 
collected PIM-1 polymer was dried under vacuum at 120 oC for at least 24 h prior to 
use. The product yield is approximately 85 %. The gel permeation chromatography 
(GPC) results shown the number-average molar mass, Mn = 73900; the weight-
average molar mass, Mw = 45700 and the polydispersity, PDI =1.62. The apparent 
surface area of PIM-1 characterized from Brunauer-Emmett-Teller (BET) was 721 m2 
g-1. 



















3.2.2 Synthesis of carboxylated PIM-1 (cPIM-1) 
 
The cPIM-1 was formed by the hydrolysis of the nitrile group of PIM-1 [4-6]. PIM-1 
powder was first immersed in a 20 wt % NaOH solution with the ratio of 
ethanol/water of 1:1 for 1 hr. After that, the polymer was filtered from the solution 
and then boiled in deionized water with the addition of HCl (pH 4-5) for 1 hr. The 
product was then filtered, rinsed with deionized water and washed again with MEOH 
to remove the HCl residual. The cPIM-1 powder was dried at 70 oC under vacuum for 
24 hr prior to use. The modification mechanism of PIM-1 to cPIM-1 is represented in 
Figure 3.4. The cPIM-1 had the number-average molar mass (Mn) of 193900, the 
weight-average molar mass (Mw) of 193500 and the polydispersity (PDI = Mn /Mw) of 

























Figure 3.4 Mechanism for hydrolysis of PIM-1 to cPIM-1 
 
3.3 Membrane fabrication protocols 
3.3.1 PIM-1/Matrimid dense membranes 
 
PIM-1/Matrimid dense films were prepared by a solution casting method. Matrimid 
was first dissolved in DCM and stirred for 4hr. Subsequently, PIM-1 was added in the 
solution and stirred overnight. PIM-1 and Matrimid films were prepared with a total 2 
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wt% polymer concentration in DCM. The blend ratio of PIM-1 contents varies from 
5, 10, 30, 50, 70, 90 to 95 wt% in Matrimid. The solution was then filtered by 1 µm 
PTFE filter and casted onto a leveled silicon wafer at ambient temperature. The 
polymer films were formed after most of the solvent had evaporated after three days. 
The resultant films were dried at 120 oC under vacuum for at least 24 h. The dense 
films were labeled as “PIM-1/Matrimid (weight composition ratio)”, for example, 
PIM-1/Matrimid (10:90). The thickness of the membranes was measured using a 
Digimatic indicator (IDC-112B-5) with an accuracy of 1 μm. The thickness recorded 
is an average value obtained from 10 different points of the membranes. The 
thicknesses of the casted films were about 50 ± 5 μm. 
 
3.3.2 Diamine modified PIM-1/Matrimid dense membranes 
 
The PIM-1/Matrimid (90:10) dense membranes were modified by immersion into a 
methanol solution containing 1.65 M diamine for a stipulated period and subsequently 
washed with fresh methanol for 5 min to remove the residual unreacted diamine. The 
membranes were then dried under vacuum at 80 °C in order to remove the residual 
methanol. After modification, the cross-linked PIM-1/Matrimid (90:10) membranes 
were labeled according to the modification duration and diamine type, for example, 2 
hr EDA. The average thickness of the membranes was measured from 10 different 
points using a Digimatic indicator (IDC-112B-5) with an accuracy of 1 μm. The 
thicknesses of the cast films were about 50 ± 5 μm. 
 
3.3.3 cPIM-1/Torlon dense membranes 
 
cPIM-1/Torlon dense films were prepared via the solution casting method. Torlon was 
first dissolved in NMP and stirred overnight at 65 °C. Subsequently, cPIM-1 was 
added into the solution and stirred overnight. The final solution containing 2 wt% 
cPIM-1/Torlon was then filtered through a 1 µm PTFE filter and cast onto a silicon 
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wafer at ambient temperature. The polymer solution was heated under vacuum at 40 
°C for 12 h and then increased to 75 °C for 24 hr. The formed dense films were peeled 
off from the silicon wafer and dried under vacuum with a temperature ramp of 25 °C/ 
30 min to 250 °C and hold for 12 hr. The resultant dense films were labeled as “cPIM-
1/Torlon (weight composition ratio)”, for example, cPIM-1/Torlon (5:95). The 
average thickness of the membranes was measured from 10 different points using a 
Digimatic indicator (IDC-112B-5) with an accuracy of 1 μm. The thicknesses of the 
cast films were about 50 ± 5 μm.  
 
3.3.4 PIM-1/Matrimid hollow fiber membranes 
3.3.4.1 Spinning dope formulation 
 
THF was chosen as the solvent for PIM-1 because it has a higher boiling point of 
66oC and a slower solvent evaporation rate comparing with other PIM-1 solvents such 
as chloroform (CHCl3) and DCM. To facilitate the spinning process, a binary solvent 
consisting of THF/NMP (50/50 wt%) was employed in this study. 
 
To have a better understanding of the blend dope rheology and to minimize surface 
defects of spun fibers for better gas separation, the critical concentrations of PIM-
1/Matrimid spinning dope solutions were pre-determined before dope preparation [7]. 
Different polymer concentrations ranging from 6 to 22 wt% polymer in solvents for 
PIM-1/Matrimid (5:95), PIM-1/Matrimid (10:90) and PIM-1/Matrimid (15:85) were 
prepared. The viscosities of three different blend ratios of polymer solutions were 
measured by an ARES Rheometric Scientific Rheometer at 25 oC. Figure 3.5 depicts 
their shear viscosity in THF/NMP solutions as a function of polymer concentration at 
a shear rate of 10 s−1. The critical concentration is referred to the intersection point by 
extrapolating the two linear regions of the viscosity curve. Based on the critical 
concentrations, the polymer concentrations in the PIM-1/Matrimid (5:95), PIM-
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1/Matrimid (10:90) and PIM-1/Matrimid (15:85) dopes were chosen as 11 wt%, 15 
wt% and 17 wt% using THF/NMP (50:50) as the solvent, respectively.  
 
The following summarizes the dope preparation for spinning. PIM-1 and Matrimid 
were dissolved separately in THF and NMP. The solutions were stirred continuously 
at 25oC for 24 h to ensure complete dissolution. On the next day, the PIM-1/THF 
solution was added to the Matrimid/NMP solution. The mixture was then stirred 
continuously for 24 h until it became a homogeneous dope solution. After that, the 
dope solution was degassed for 24 h before pouring into the ISCO syringe pump and 


















3.3.4.2 Spinning conditions, solvent exchange and post treatment 
 
The single-layer hollow fiber membranes were fabricated via a dry-jet wet-spinning 
process using a single-layer spinneret with OD and ID of 1.2 mm and 0.8 mm, 
respectively. The spinning process was conducted at ambient temperature. The lab-
scale hollow fiber spinning line is illustrated in Figure 3.6. The spinning line set-up 
consists of ISCO pumps for spinning dope and bore fluid, coagulation bath, water 
sprinkler and take-up unit. The polymer dope was poured and degassed overnight in 









Figure 3.6 Schematic of the hollow fiber spinning line 
 
The polymer dope and bore fluid were then conveyed through a spinneret with certain 
flow rate. Internal coagulation was formed when the bore fluid meets the polymer 
dope extruded from the spinneret. The nascent fiber was then formed and extruded 
from the spinneret, it passed through the air-gap region. At the air-gap region, solvent 
evaporated and moisture from atmosphere induced phase separation on the outer layer 
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of the fiber surface. The fiber was fully phase inversion in the external coagulation 
bath filled up with tap water at room temperature. Finally, the fiber was wound up on 
a take-up unit.  
 
Other than gravity forces, the take-up speed in the take-up unit provides elongational 
forces on the fiber. All the spinning conditions for three dopes were kept constant 
except for bore fluid composition and take-up velocity. A higher dope flow rate was 
used for PIM-1/Matrimid (15:85) to obtain a similar fiber wall thickness as the critical 
concentration for this dope is slightly lower compared with the others. Pure Matrimid 
was spun based on the dope formulation reported earlier by Jiang et al. [8] and the 
detailed spinning conditions are presented in Table 3.1. Table 3.2 lists the spinning 
conditions for the PIM-1/Matrimid dopes.  
 
Table 3.1 Spinning conditions for Matrimid hollow fiber membranes 
Hollow fiber ID M  
Dope composition  Matrimid/NMP/MeOH (26.2/58.8/15 wt%)
a
 
Bore fluid composition 95/5 NMP/Water 
Dope flow rate (ml/min) 2 
Bore fluid flow rate (ml/min) 0.6 
Air gap (cm) 2.5 
Take up rate (m/min) 12.9 
 
 
After spinning, the as-spun fibers were immersed in tap water for 3 days. 
Subsequently, the hollow fibers were subjected to three consecutive 30-min solvent 
exchange by circulating in MEOH and then in n-hexane with the same procedure to 
allow the removal of residual solvent or prevent pores from collapse. Lastly, the fibers 
were dried in the air at ambient temperature for 24 h before further characterization 








Table 3.2 Spinning conditions for PIM-1/Matrimid hollow fiber membranes 
Hollow fiber ID 1A 1B 1C 
Polymer composition PIM-1/Matrimid (5:95) 
Dope composition Polymer/NMP/THF (17/41.5/41.5 wt%) 
Bore fluid composition 95/5 NMP/Water 
Dope flow rate (ml/min) 2.5 
Bore fluid flow rate (ml/min) 1 
Air gap (cm) 2.5 
Take up rate (m/min) 6.3 10.7 15.1 
 
 
Hollow fiber ID 2A 2B 2C 2D 
Polymer composition PIM/Matrimid (10:90) 
Dope composition Polymer/NMP/THF (15/42.5/42.5 wt%) 
Bore fluid composition 95/5 NMP/Water 80/20 NMP/Water 
Dope flow rate (ml/min) 2.5 
Bore fluid flow rate (ml/min) 1 
Air gap (cm) 2.5 
Take up rate (m/min) 6.3 15.1 6.3 15.1 
 
 
Hollow fiber ID 3A 3B 3C 
Polymer composition PIM-1/Matrimid (15:85) 
Dope composition Polymer/NMP/THF (11/44.5/44.5 wt%) 
Bore fluid composition 95/5 NMP/Water 80/20 NMP/Water 50/50 NMP/Water
Dope flow rate (ml/min) 2.8 
Bore fluid flow rate 
(ml/min) 1 
Air gap (cm) 2.5 
Take up rate (m/min) 6.3 
 
Two post-treatments procedures were studied to compare the effectiveness of sealing 
the outer surface defects on the hollow fibers. The first method was subjected to heat 
treatment. Briefly, the as-spun fibers were preheated from room temperature to 75 oC 
and held for 3 hr, then to cool down naturally [9-11]. The other procedure was to coat 
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the outer surface of the fibers by a 3 wt% of silicone rubber in a n-hexane solution for 
3 min. The fibers were then dried in air for 2 days prior to performance tests. Silicone 
rubber coating has been employed widely in sealing the defects on the dense-selective 
layer of the fibers. The intrinsic O2/N2 selectivity of silicon rubber is about 2.1. If a 
membrane possesses an ultrathin dense layer, the silicon rubber coating material may 
affect the separation performance of hollow fibers [12].  
 
3.4 Characterization of physical properties 
3.4.1 Gel permeation chromatography (GPC) 
 
The molecular weights of PIM-1 and cPIM-1 were characterized by gel permeation 
chromatography (GPC). The GPC system comprises a Waters 1515 iscoratic HPLC 
pump, a Waters 717 plus autosampler and a Waters 2414 refractive index detector. 
Polystyrene standards were used for calibration. THF and DMF were used as the 
solvent for PIM-1 and cPIM-1, respectively. The samples were conducted at a flow 
rate of 1 mL/min with the testing temperature of 35 oC. The concentration of 
respective powder dissolved in solvent was 0.005 wt%.  
 
3.4.2 Brunauer-Emmett-Teller (BET) 
 
The apparent surface areas of PIM-1 and cPIM-1 were characterized from Brunauer-
Emmett-Teller (BET) by using a BET model NOVA4200e. The samples were 






3.4.3 Dynamic mechanical analysis (DMA) 
 
To elucidate the miscibility of the blends, the polymeric membranes were 
characterized by dynamic mechanical analysis (DMA) using TA Instruments DMA 
Q800. The testing was operated in a tension mode at 1 Hz frequency and the samples 
were analyzed at a heating rate of 3 oC min-1 from 30-450 oC. By varying testing 
temperature, the intrinsic mechanical behavior of membranes such as storage modules 
and loss modulus against time can be obtained. The Tg of each sample was 
determined based on the temperature of the peak position of the tan δ plot which is the 
ratio of loss modulus versus storage modulus. 
 
3.4.4 Polarized light microscope (PLM) 
 
The surface morphology of PIM-1/Matrimid and cPIM-1/Torlon membranes was 
investigated using an Olympus BX50 polarized light microscope (PLM). The PLM 
micrographs were further analyzed by Image Pro Plus 3.0 software. 
 
3.4.5 Ultraviolet absorbance spectra (UV) 
 
The Ultraviolet (UV) absorbance spectra of pristine and blend membranes were 







3.4.6 Fourier transform infrared spectroscopy (FTIR) 
 
The changes in chemical structure of the polymeric membranes before and after 
polymer blend, diamine modification and hydrolysis modification were analyzed by 
an attenuated total reflectance (ATR) mode using a Shimadzu Fourier transform 
infrared spectroscopy (FTIR) 8400 spectrometer under the range 500-4000 cm-1. The 
spectra were obtained with an average of 16 scans at a resolution of 4 cm-1. The 
characteristic band appeared at 2350 cm-1 was a contribution from the difference of 
carbon dioxide between background and samples.  
 
3.4.7 Density measurement and fractional free volume (FFV) 
 
The density of dense membranes was determined at room temperature using a Mettler 
Toledo balance with a density kit applying the Archimedean principle by measuring 
the membrane weights in air and hexane. The pre-dried films were first weighed in air 
and then weighed again while immersed in hexane at room temperature. The density 





w                                                            (3.1) 
where wair and whexane are the film weights in air and hexane, respectively. 
 




VVFFV O                                                                                 (3.2) 
The specific volume, V, is calculated from the measured density and the occupied 
volume, Vo, is determined by the equation: Vo =1.3Vw, where Vw is the van der Waals 
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volume obtained using the group contribution proposed by Bondi [13]. For the 
polymer blends, Vw is predicted by using the correlation: Vw = w1Vw1 + w2Vw2, where 
w1 and w2 are the molar fractions and Vw1 and Vw2 are the van der Waals volumes of 
the pristine components 1 and 2, respectively. The specific free volume, Vf, is 
calculated as the difference between the specific volume and the occupied volume 
(e.g., Vf = V-Vo). The ideal specific free volume, Vf,mix is employed to estimate the 
discrepancy between the real and ideal cases for the polymer blends: Vf,mix = w1Vf1 + 
w2Vf2.        
 
3.4.8 Thermogravimetric analysis (TGA) 
 
The thermal stability of the membranes was analyzed by thermogravimetric analyses 
(TGA) using a Shimadzu Themogravimetry Analyzer DTG-60AH. The membranes 
were heated between 50 oC to 700 oC at a rate of 10 oC/min. During analyses, nitrogen 
was used as the purging gas and the flow rate was maintained at 50 mL/min. 
 
3.4.9 Gel content analysis 
 
To verify the success of diamine modification and hydrolysis reaction, the solubility 
of diamine modified PIM-1/Matrimid membranes and cPIM-1 membranes in DCM 
(the solvent that can fully dissolve PIM-1) was determined through its gel content. 
The gel content was evaluated by extracting the insoluble portion of the membranes 
immersed in DCM for 24 hr and drying them under vacuum at 80 °C for 24 hr. The 
gel content was calculated by using the following equation: 
  %100% 01  mmcontentGel                                               (3.3) 




3.4.10 X-ray diffraction (XRD) 
 
The changes in the inter-chain spacing of the polymeric membranes were investigated 
by X-ray diffraction (XRD) using an X-ray diffractor, Bruker D8 series, General area 
detector diffraction system (GADDS) and a Cu X-ray source with a wavelength of 
1.54 Å. The X-ray diffraction angles between 5° to 30° were studied. The average d-
space was evaluated based on the Bragg’s law as follows: 
 sin2dn                                                                                                            (3.4) 
where n is an integer (1, 2, 3,…), λ represents the X-ray wavelength, d represents the 
intersegmental spacing between two polymer chains and θ denotes the X-ray 
diffraction angle.  
 
3.4.11 Tensile measurement 
 
The mechanical strength of the membranes was examined using an Instron 5542 
Universal tensile tester at room temperature. Dense membranes with an initial gauge 
length of 15 mm and a width of 5 mm were tested under a constant elongation rate of 
10 mm/min. Each membrane was tested for three times and an average value was 
obtained. 
 
3.4.12 Field emission scanning electron microscopy (FESEM) 
 
The cross-sectional, inner and outer surface morphologies of membranes were 
analyzed using field emission scanning electron microscopy (FESEM JEOL JSM-
6700LV). The samples were immersed and fractured in liquid nitrogen. Then, the 
specimens were adhered on the stub using a double-side conductive carbon tape and 
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dried under vacuum overnight. Before tests, the samples were coated with a platinum 
layer using a sputtering coater (JEOL LFC-1300). 
 
3.4.13 Positron annihilation lifetime spectroscopy (PALS) 
 
The structural changes of the diamines modified membranes were monitored by one 
of the advanced techniques in positron annihilation lifetime spectroscopy (PALS); 
namely doppler broadening energy spectra (DBES). A slow positron beam accelerated 
with a variable mono-energy varies from 0-30 keV was used to generate DBES 
spectra. The mean implantation depth of a sample could be evaluated by using 
following equation [14]: 
  6.140  

 EEZ                                                                                             (3.5) 
where Z is the mean implantation depth expressed in nm, ρ is the density of polymer 
material in g/cm3 and E+ is the incident positron energy in keV. One of the 
characteristic parameters of DBES spectra, R parameter data was then fitted by using 
the VEPFIT program with a three-layer model [15]. The R parameter is defined as the 
ratio of the total counts from the valley region with an energy width between 364.2 
and 496.2 keV (from 3γ annihilation) to those from the 511 keV peak region with a 
width between 504.35 and 517.65 (from 2γ annihilation). In addition, the R parameter 
provides information about large holes (nm to µm) where o-Ps undergoes 3γ 
annihilation [16-17]. 
 
3.4.14 Nuclear magnetic resonance spectroscopy (NMR) 
 
The chemical structures of PIM-1 and cPIM-1 were characterized using liquid state 
1H (400 MHz) nuclear magnetic resonance (NMR) spectroscopy. The PIM-1 powder 
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was dissolved in CDCl3 while cPIM-1 powder was dissolved in DMSO-d6. The 
CDCl3 and DMSO-d6 signals appear at 1H 7.25 ppm and 1H 2.50 ppm, respectively. 
 
3.4.15 Differential scanning calorimetry (DSC) 
 
The glass transition temperature, Tg of dense cPIM-1/Torlon membranes was 
characterized by using differential scanning calorimetry (DSC, DSC822e, Mettler 
Toledo). The samples were tested with two consecutive scans at a heating rate of 10 
oC min-1 from 40-450 oC. The first cycle of ramping and cooling was to eliminate any 
thermal history of the samples. The Tg of each sample was determined based on the 
mid-point transition temperature of the second heating curve. 
 
3.4.16 Contact angle measurement 
 
The hydrophilicity of the membranes was determined by their water contact angles, 
which were measured by Milli-Q DI water using a Contact Angle Geniometer (Rame 
Hart, USA) at room temperature.  
 
3.5 Characterization of gas transport properties 
3.5.1 Pure gas permeation test                             
3.5.1.1 Dense membrane 
 
The pure gas permeability of dense membranes was measured using a variable-
pressure constant-volume gas permeation cell. Figure 3.7 reveals the general design 
for a permeation cell. The permeation cell consists of three parts namely upstream, 
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permeation cell and downstream. The upstream or feed side of the permeation cell 
consists of a controlling valve, a pressure gauge and a 1000 cm3 volume gas reservoir 
to maintain the upstream pressure during measurements. The gas permeation cell 
comprised of a metal porous support where the sample is positioned and sealed with 
two rubber O-rings to prevent gas leakage. The downstream has a fixed volume vessel 
and a pressure transducer to detect the changes in the pressure. To ensure the 
consistency results, the downstream vessel of permeation cell was calibrated by 
polycarbonate film and water. The temperature of the permeation cell is regulated by 
a temperature controller which consists of a heating element and axial fans. A data 
shuttle collected the signals from the pressure transducers and sent the information to 
a computer. The software for computing the data is Workbench PC for windows-
v5.01.04. 
 
Pure gas permeability was tested in the sequence of H2, O2, N2, CH4, and CO2 at 35 
oC and 3.5 atm. The rate of pressure increase (dp/dt) at steady state was used to 

















                                                        (3.6) 
where P is the gas permeability of a membrane in Barrer (1 Barrer = 1 x 10-10 cm3 
(STP) cm/cm2s.cmHg), V is the volume of the downstream chamber (cm3), A refers to 
the effective membrane area (cm2), l is the membrane thickness (cm), T is the 
operating temperature (K), p2 is defined as the upstream operating pressure (psia). The 
permeability tests were repeated at least three times with different membranes and the 




















INT-DS = Internal downstream
PG = Pressure gauge
PT = Pressure transducer









Figure 3.7 Schematic of the dense membrane pure gas permeation cell 
 
The ideal selectivity between two different gases in a polymeric membrane is the ratio 




P                                                                           (3.7) 
where PA and PB are the gas permeability (Barrer) of gases A and B, respectively. 
 
3.5.1.2 Hollow fiber membrane 
 
The experimental set-up for the pure gas permeation test for hollow fiber modules is 
shown in Figure 3.8. For the module preparation, the shell side of the module was 
placed onto the metal module and sealed with regular epoxy while the other end of the 
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module is sealed with rapid epoxy. 3–4 modules were prepared for each experimental 
condition. In each module, it consisted of 5–10 fibers with an effective length of 
around 15 cm per fiber. During experiment, a feed pressure was applied to the shell 
side of the fibers and the permeate side (lumen side) was connected to the 
atmosphere. Both feed and permeate side were sealed with rubber O-ring to prevent 
gas leakage. The gas flow rate in the permeate side was recorded using a digital 
bubble flow meter. 
 
In the pure gas tests, O2, N2, CH4 and CO2 were tested at 1 atm at room temperature. 










66 1027310273                (3.8) 
where P/L is the gas permeance of hollow fiber membranes in GPU (1 GPU = 1 × 
10−6 cm3 (STP)/cm2s.cmHg), T is the operating temperature (K), Q is the pure gas flux 
(cm3/s), A is the total effective area of fibers (cm2), ΔP is the trans-membrane 
pressure (cmHg), n is the total number of fibers in one testing module, D is the outer 
diameter of fibers (cm) and l is the effective length of fibers (cm). 






LP                                                               (3.9) 
where (P/L)A and (P/L)B refer to the pure gas permeance of gases A and B, 
respectively. 
The apparent dense layer thickness of the as-spun hollow fiber membrane could be 









                                                            (3.10) 
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where L is the apparent dense-selective layer  thickness (nm), and P is the gas 
















Figure 3.8 Schematic of the hollow fiber membrane pure gas permeation cell 
 
3.5.2 Mixed gas permeation test                             
3.5.2.1 Dense membrane 
 
The mixed gas permeation properties of dense membrane were tested in a constant 
volume-variable pressure mixed gas set-up as illustrated in Figure 3.9. To avoid the 
accumulation of feed, an additional retentate channel was fixed at the upstream of the 
permeation cell. The downstream of the volume vessel was connected to a gas 
chromatograph (GC) system to analysis the gas composition. The sampling tube 
connected to the GC was evacuated by vacuum pump prior test. Before experiments, 
GC was calibrated with a set of gas mixtures with known composition to obtain the 


















GC = Gas chromatograph
INT-DS = Internal downstream
PG = Pressure gauge
PT = Pressure transducer
















Figure 3.9 Schematic of the dense membrane mixed gas permeation cell 
 
The compositions of the binary gas were (1) 50 mole% CO2 and 50 mole% CH4 and 
(2) 50 mole% H2 and 50 mole% CO2.   The membranes were tested at 35 oC and 7 



















10273                                                        (3.11) 
 





















10273                                                  (3.12) 
where PA and PB  are the permeability (Barrer) of gases A and B, respectively. P2 
denotes the upstream feed gas pressure (psia), x refers to the mole fraction in the feed 
gas and y is the mole fraction in the permeate. The others symbols remain the same 
meanings as described earlier. The mixed gas selectivity is similar as the equation 3.7 




3.5.2.2 Hollow fiber membrane 
 
Mixed gas permeation tests for hollow fiber membranes were conducted using a 
modified variable-pressure constant volume gas permeation cell and a binary gas of 
CO2/CH4 (50/50 mole %). The design of mixed gas permeation cell is shown in 

















GC = Gas chromatograph
INT-DS = Internal downstream
PG = Pressure gauge
PT = Pressure transducer
















Figure 3.10 Schematic of the hollow fiber membrane mixed gas permeation cell 
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where (P/L)co2 and (P/L)CH4 are the CO2 and CH4 gas permeance, respectively, Po 
denotes the upstream feed gas pressure (psia), x refers to the mole fraction in the feed 
gas and y is the mole fraction in the permeate. The others symbols remain the same 
meanings as described earlier. The mixed gas selectivity is similar as the equation 3.7 
due to the negligible downstream pressure. 
 
3.5.3 Pure gas sorption test 
 
The CO2 sorption of the dense membranes was conducted by using a Cahn D200 
microbalance sorption cell. A detailed configuration of the dual volume sorption cell 
is depicted in Figure 3.11. Prior to measurements, each sample with a total weight of 
80-90 mg was loaded in the sample pan and the sorption cell was under vacuum for 
24 hr. The samples were tested at 35 oC with a pressure range from 1-25 atm. CO2 at 
specific pressures were fed into the system. The masses of samples were recorded 
when the samples reach an equilibrium of sorption. The equilibrium gas sorption 
capacities of the samples were corrected by the buoyancy force. The solubility 
coefficient (S) of CO2 of each sample was measured from the slope of the sorption 
isotherms. The diffusion coefficient (D) of CO2 was then calculated from the 
following equation: 
S
PD                                                                                      (3.15) 
where D is the diffusion coefficient (cm2/s), S is the solubility coefficient (cm3 
(STP)/cm3.atm), P is the gas permeability of a membrane in Barrer. 
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Membrane separation has emerged as an alternative technology for gas separation due 
to its unique characteristics of small footprint, high energy efficiency and 
environmental friendliness compared to conventional separation techniques such as 
amine absorption and cryogenic distillation [1]. Owing to the cost competitiveness 
and ease of processing of polymeric membranes, polymers have been widely used as 
the material for the fabrication of gas separation membranes in both research 
development and industrial applications [1, 2]. Both synthesizing new materials [2-
14] and modifying existing materials [2, 15-21] have been employed to molecularly 
design the membrane materials with enhanced separation performance. Among 
various approaches, polymer blend has been recognized as one of the most cost- and 
time-effective routes as it combines the advantages of different materials into a new 
compound with unique and synergetic properties that are difficult to be obtained by 
other synthesis means [22, 23]. 
 
Despite its competitive advantages, the polymer blend approach possesses several 
drawbacks. One of the major limitations in polymer blends is the miscibility and 
homogeneity of the blend components. In principle, polymer blends can be 
categorized as miscible, partially miscible and immiscible. Miscible blends are a 
homogeneous system where two materials dissolve in each other at molecular level, 
exhibiting single phase properties [23]. Whereas in the immiscible blends, two 
components tend not to dissolve in each other, thus result in the formation of interface 
between two phases [23]. Partially miscible blends are in between the homogeneous 
and immiscible blends, where one material dissolves partially into another material 
[24]. Polymer blends that are partially miscible with each other are also named as 
isotropic heterogeneous materials [25]. Due to the significance of compatibility in 
polymer blends, the fundamental understanding of phase behavior and their molecular 





There are various methods available in determining the phase behavior of polymer 
blends. One of the simplest ways to visualize the morphology of the polymer blends is 
through optical inspection [22, 27]. The evaluation of glass transition temperature (Tg) 
of the polymer blends is another way to determine the extent of miscibility. It is 
generally accepted that there is only one Tg in a fully homogeneous blending system 
[23, 26]. For the two components, immiscible polymer blends, two distinct Tgs which 
represent the individual pristine component are observed [26]. Moreover, for the 
partially miscible polymer blends, the two Tgs may shift simultaneously towards each 
other when the loading of one of the components increases [26]. Due to the intricate 
nature of partially miscible blends which involves the change of phase continuity 
from one component to the other, estimating the performance, especially to identify 
which component is in the continuous phase when the concentrations of the two 
components are close to each other, is difficult [28]. Taking the polymer lean phase as 
the dispersed phase and the polymer rich phase as the continuous phase, the Maxwell 
equation might be a practical tool to estimate the gas transport properties of this type 















                                                                         (4.1) 
where Pb is the permeability of the polymer blend, PC and PD are the permeability of 
the continuous phase and dispersed phase, respectively, and D is the volume fraction 
of the dispersed phase in the polymer blend. 
 
In this study, Matrimid is selected as one of the blending materials because of its 
commercial availability, high thermal stability and good processibility [30-34]. 
According to the literature, the pristine Matrimid exhibits prominent gas-pair 
selectivity of about 34 for CO2/CH4 and 6.6 for O2/N2 [30-32]. However, it has 
relatively low gas permeability. For instance, the CO2 and O2 permeability of 
Matrimid is 6.5 Barrer and 1.7 Barrer, respectively [32]. Compared with Matrimid, 
polymers of intrinsic microporosity (PIMs) have gained much attention recently due 
to their large surface area, highly rigid and contorted molecular structure that yield a 
large fractional free volume (FFV) [6, 35-40]. Among all PIMs, the synthesis of PIM-
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1 has been maturely developed and revalidated by different researchers [6, 35-40]. 
PIM-1 possesses superior CO2 permeability of 4030 Barrer and CO2/CH4 selectivity 
of 11.5 [35]. Moreover, the O2 permeability of PIM-1 is 990 Barrer with O2/N2 
selectivity of 3.6 [35]. Since PIM-1 reveals a superior gas permeability but a 
relatively low-to-moderate gas-pair selectivity for these essential gas pairs such as 
O2/N2 and CO2/CH4, the further enhancement in gas-pair selectivity has attracted 
much interest for membrane scientists.  
 
Taking into account the gas permeability of PIM-1 is three orders of magnitude higher 
than that of Matrimid, and the gas-pair selectivity of Matrimid is much higher than 
that of PIM-1, the consequent tailoring of these two polymers by blending them 
together in the present work may possibly take the synergistic advantage of enhancing 
gas permeability with respect to Matrimid and at the same time, increasing the gas-
pair selectivity with respect to PIM-1. To provide a comprehensive study, various 
blend compositions of PIM-1 and Matrimid have been prepared. The chemical 























Figure 4.1 Chemical structures of (a) Matrimid and (b) PIM-1 
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The phase behavior, Tg, charge transfer complexes (CTCs) and possible interactions 
in PIM-1/Matrimid blends have been monitored and characterized by a polarized light 
microscope (PLM), dynamic mechanical analysis (DMA), ultraviolet (UV) absorption 
tests and fixed angle attenuated total reflectance (ATR) mode using Fourier transform 
infrared spectroscopy (FTIR). The pure and mixed gas permeabilities of the polymer 
blends have been measured. In addition, the permeability coefficient versus blend 
behavior between PIM-1 and Matrimid are explored and validated by the Maxwell 
predictions. It is envisioned that this fundamental study may provide the basic 
material research for next-generation gas separation membranes.   
 
4.2 Results and discussion 
4.2.1 Effects of different blend compositions to the phase behavior of PIM-
1/Matrimid membranes 
 
The miscibility of the PIM-1/Matrimid blends was studied through optical inspection 
of the membranes using PLM at ambient temperature. As seen from Figure 4.2, it is 
clearly visible that the blend morphology is fairly homogeneous if PIM-1 in Matrimid 
is over 90 wt%, while the optical morphology of blends comprising 5 to 80 wt% PIM-
1 in Matrimid seems to be partially miscible with two polymers coexisting in the 
micrographs. These results suggest that a small amount of Matrimid (i.e., ≤ 10 wt% 
Matrimid in PIM-1) could completely dissolve in PIM-1. On the other hand, other 
PIM-1/Matrimid blends may be partially miscible. 
86 
 







Figure 4.2 PLM images of the dense membranes at ambient temperature: (a) 
Matrimid; (b) PIM-1/Matrimid (5:95); (c) PIM-1/Matrimid (10:90); (d) PIM-
1/Matrimid (30:70); (e) PIM-1/Matrimid (50:50); (f) PIM-1/Matrimid (70:30); (g) 
PIM-1/Matrimid (80:20); (h) PIM-1/Matrimid (90:10); (i) PIM-1/Matrimid (95:5); (j) 
PIM-1 
 
An attempt to further validate the partial miscibility was performed by measuring the 
Tg of PIM-1/Matrimid blends. Figure 4.3 depicts the evolution of tan δ as a function 
of blend ratio by DMA. Since Tg is determined based on the peak position of the tan δ 
plot, the pristine Matrimid exhibits a characteristic Tg at about 338 oC [27]. The Tg of 
the pristine PIM-1 and PIM-1/Matrimid (9:1) could not be detected in the 
measurement range of 50 to 450 oC due to the high stiffness of PIM-1 chains and low 
rotational freedom of the main polymer chains [38]. At low concentrations of PIM-1 
(e.g., PIM-1/Matrimid (5:95) and PIM-1/Matrimid (10:90)), only a single Tg could be 
detected as the blend membrane becomes soften after heating to 355 oC. The DMA 
thermogram has some noises after 355 oC and thus no subsequent tan δ data are 
illustrated in Figure 4.3. For 30 to 70 wt% PIM-1 in Matrimid, the DMA results show 
two distinguishable Tg. The first Tg appears around 343-366 oC that is likely attributed 
to the Matrimid dominant phase. In contrast, the second Tg emerges around 403-422 
oC that possibly represents the PIM-1 dominant phase. It is worth noting that the first 
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Tg shifts to a higher temperature while the second Tg shifts to a lower temperature in 
proportional to an increase in PIM-1 loading. The shift of both Tg towards each other 
may be resulted from the partial miscibility and entanglement of the polymer rich 
component (e.g., Matrimid) with a minor concentration of the other polymer 
component (e.g., PIM-1) [22]. The DMA results re-confirm the hypothesis of partial 



















Figure 4.3 DMA results of PIM-1/Matrimid films 
 
UV absorbance tests were also carried out to verify the partial miscibility behavior in 
PIM-1/Matrimid blends.  In general, the development of CTCs in UV absorbance tests 
is ascribed to the electron transfer interaction between the electron acceptor and the 
donor [41, 42]. The nitrogen atoms in Matrimid are known to have a higher electron 
density than the carbonyl group and behave as an electron donor while the carbonyl 
group acts as an acceptor [43]. The electron donor tends to donate electron to the 
acceptor and hence shorten the donor-acceptor distance within Matrimid [43]. In spite 
of this, the oxygen atoms of the ether groups in PIM-1 which are enriched with 
electron may also act as a donor. During the blending process, the ether groups in 
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PIM-1 are likely to promote intermolecular charge transfer interactions with the 
carbonyl groups in Matrimid and thus induce the changes in the absorption band. The 
UV absorbance band of the blend may be predicted based on the additive law as 
follows: 
2211  b                                                                                            (4.2) 
where λb is the UV absorbance band of the blend,  λ1 and λ2 are the UV absorbance 
bands of the pristine components 1 and 2, respectively, 1 and 2 are the respective 
volume fractions of components 1 and 2, respectively. For homogeneous non-CTCs 
interaction blends, the experimental data should follow closely to the additive law line 
and vice versa. The measured UV absorbance for PIM-1/Matrimid films is displayed 
in Figure 4.4. With the addition of PIM-1 into Matrimid, the UV absorbance band 
exceeds the predicted value based on the additive law. This result confirms the CTC 
interactions between PIM-1 and Matrimid after blends. Moreover, the absorption 
maxima for all the blends occur at an average band of 480 nm resulted from the same 
CTC interactions [44]. 
 
The dense membranes of the pristine Matrimid, PIM-1 and PIM-1/Matrimid blends 
were investigated using ATR-FTIR and the results are shown in Figure 4.5. A high 
intensity band is present near 2250 cm-1 which corresponds to the nitrile stretching in 
PIM-1 [38]. The relative area of the C≡N absorption band becomes weaker, which is 





















































4.2.2 Transport properties of the PIM-1/Matrimid system 
 
The changes in FFV of PIM-1/Matrimid blends have been verified through the density 
measurements. The density and calculated FFV are depicted in Figure 4.6. FFV is 
defined as the fractional volume that is not occupied by polymer chains. In general, it 
is inversely proportional to polymer density. Compared to all the tested membranes, 
the density of PIM-1 is the lowest, thus it has the highest FFV. The reverse is 
observed for Matrimid. In ideal miscible blends, the membranes should possess a 




























Figure 4.6 Physical properties of PIM-1/Matrimid polymer blends 
 
Obviously, for our membranes, the incorporation of the larger free volume of PIM-1 
into Matrimid has resulted in an overall increase in FFV of the polymer blends 
attributed to the incorporated PIM-1 reduces chain packing and hence the FFV 
increases. Compared to the linear additional rule, the experimental density and FFV 
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exhibit relatively large deviations for blend membranes that comprising 5-10 wt% and 
60-90 wt% PIM-1 in Matrimid. 
 
Table 4.1 shows the gas transport properties of the pristine and PIM-1/Matrimid 
blended dense films and Figure 4.7 illustrates the effects of blend composition on (a) 
O2/N2 selectivity and O2 permeability; (b) CO2/N2 selectivity and CO2 permeability 
and (c) CO2/CH4 selectivity and CO2 permeability.  
 
Table 4.1 Gas transport properties of PIM-1/Matrimid dense films 










O2/N2  CO2/N2  
 
CO2/CH4
Pure gas test (35 
o
C, 3.5 atm) 
    
Matrimid  2.1 + 0.1 9.6 + 0.7 6.4 + 0.6 30 + 2.5 
 
36 + 0.4 
PIM-1/Matrimid (5:95)  2.6 + 0.2 12 + 0.7 6.6 + 0.1 29 + 2.7 
 
35 + 0.5 
PIM-1/Matrimid (10:90)  3.4 + 0.0 17 + 0.6 6.1 + 0.4 30 + 0.9 
 
34 + 1.6 
PIM-1/Matrimid (30:70)  11 + 0.5 56 + 3.3 5.8 + 0.1 28 + 0.9 
 
31 + 1.8 
PIM-1/Matrimid (50:50)  31 + 0.3 155 + 4.0 5.4 + 0.0 27 + 0.4 
 
28 + 0.1 
PIM-1/Matrimid (70:30)  116 + 2.1 558 + 1.8 5.0 + 0.2 24 + 1.4 
 
25 + 1.1 
PIM-1/Matrimid (90:10)  400 + 0.0 1953 + 4.8 4.0 + 0.4 20 + 1.7 
 
16 + 0.1 
PIM-1/Matrimid (95:5)  632 + 0.2 3355 + 1.8 3.8 + 0.1 20 + 0.3 
 
14 + 0.2 
PIM-1  728 + 1.5 3815 + 2.5 3.8 + 0.0 20 + 0.1 
 
14 + 0.1 






Clearly, an increase in PIM-1 content results in an increase in gas permeability of the 
resultant blends. Moreover, it is observed that the gas permeability of blended 
membranes falls in the range of the gas permeability of the pristine Matrimid and 
PIM-1 membranes. In contrast, an increase in PIM-1 content results in a decrease in 
gas-pair selectivity of CO2/CH4 of the resultant blends. Interestingly, even though the 
CO2/CH4 selectivity of 5:95 and 10:90 PIM-1/Matrimid blend membranes drops very 
slightly (e.g., 2.8% and 5.6%, respectively), their CO2 permeability increases from the 
original 9.6 to 12 and 17 Barrers, respectively, which corresponding to solid 
increments of 25% and 77%.  
 
A similar but a slightly different trend could also be observed for O2/N2 and CO2/N2 
selectivity. The O2/N2 selectivity increases from the original 6.4 to 6.6 (e.g., 3% 
increment) and O2 permeability increases from 2.1 to 2.6 Barrer (e.g., 24% increment) 
for the PIM-1/Matrimid (5:95). Compared to PIM-1/Matrimid (5:95), the O2/N2 
selectivity of the PIM-1/Matrimid (10:90) only has a slight decrease (from 6.4 to 6.1, 
about 5%), but its O2 permeability increases 62% from 2.1 to 3.4 Barrer. A close look 
at Figure 4.7 reveals a peak in the O2/N2 selectivity that exceeding both pure 
polymers. This is probably resulted from the formation of CTC that offering different 
interaction sites of the functional groups to the gases of O2 and N2. In addition, it is 
speculated that the polymer chains are partially connected as a form of mild cross-
linking and pack tightly with CTCs, thus enhances the gas-pair selectivity. 
Undoubtedly, the addition of a small amount of PIM-1 in Matrimid not only 
enhancing the permeability of the Matrimid rich membrane for CO2/CH4 separation 
without compromising CO2/CH4 selectivity, but also remarkably improve their 


































































































Figure 4.7 Effect of blend composition on (a) O2/N2 selectivity and O2 permeability; 
(b) CO2/N2 selectivity and CO2 permeability; (c) CO2/CH4 selectivity and CO2 
permeability (dashed lines estimated using the linear additive rule and solid lines 
obtained from experiments) 
 
Figure 4.8 compares the gas separation performance against the Robeson upper bound 
for (a) O2/N2 and (b) CO2/CH4 separations [45]. Generally, the gas separation 
performance goes along with the upper bound line when PIM-1 loading increases. For 
O2/N2 separation, the addition of a small amount of Matrimid induces a fair 
enhancement in gas-pair selectivity, thus the overall gas separation performance 
approaches closes or surpasses the upper bounds (e.g., PIM-1/Matrimid (70:30), PIM-
1/Matrimid (90:10) and PIM-1/Matrimid (95:5)). For CO2/CH4 separation, all blend 
membranes have separation performance below the upper bound. Binary CO2/CH4 
(50%/50%) gas tests were also conducted for selected PIM-1/Matrimid membranes 
and the results are plotted in Figure 4.8(b). The selectivity of PIM-1/Matrimid (10:90) 
and PIM-1/Matrimid (30:70) under binary CO2/CH4 (50%/50%) tests is 
94 
 
approximately similar to pure gas tests but with a slight decrease in CO2 permeability 


























































Figure 4.8 Upper bound comparison of PIM-1/Matrimid polymer blends (a) O2/N2; 
(b) CO2/CH4 
 
4.2.3 Model prediction of gas transport properties 
 
As discussed earlier, most of the PIM-1/Matrimid blends (except PIM-1/Matrimid 
(90:10) and PIM-1/Matrimid (95:5)) reveal partially miscible behavior, where one 
component does not dissolve completely in another material. The Maxwell equation 
as shown in Eq. (1) is first employed to check its suitability for the prediction of gas 
transport properties in those blends. It is assumed that PIM-1 is the dispersed phase 
while Matrimid is the continuous phase when the loading of PIM-1 is lower than 40 
wt%. On the other hand, PIM-1 is the continuous phase when the loading is between 
60 to 90 wt%. An average value calculated from both Matrimid and PIM-1 as 
continuous phase is applied for the transition phase when both PIM-1 and Matrimid 
have equal contribution of 50 wt% in the blends. For the homogeneous blending of 
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PIM-1/Matrimid (90:10) and PIM-1/Matrimid (95:5), the gas permeability can be 
estimated based on properties from the pure components as expressed by the rule of 
semi-logarithmic addition as follows [47, 48]: 
2211 lnlnln PPPb                                                                                            (4.3) 
where Pb is the permeability of polymer blend, P1 and P2 are the permeability of 
component 1 and 2, 1 and 2 are the respective volume fraction of component 1 and 
2. 
 
Figure 4.9 compares the experimental permeability data with the predicted values 
calculated from the combination of Maxwell equation and rule of semi-logarithmic 
addition as a function of volume faction of PIM-1. As can be seen, the permeability 
for 90 wt% and 95 wt% PIM-1 in Matrimid is well correlated with the rule of semi-
logarithmic addition since these compositions blend homogeneously. The 
experimental data of the remaining polymer blends are in the similar trend with the 
prediction from the Maxwell equation but severe deviations are observed for blends 
comprising 30-70 wt% PIM-1 in Matrimid. The deviations might be arisen from the 



































































Figure 4.9 Comparison between experimental data and prediction data (i.e., solid 
line) for: (a) O2 (□); (b) N2 (Δ); (c) CH4 (○); (d) CO2 (◊) (rule of semi-logarithmic 
addition applied for > 90 wt% PIM-1 and the rest of blends are predicted by the 
Maxwell equation) 
 
Figure 4.10 re-plots the gas permeability against volume fraction of Matrimid by the 
rule of semi-logarithmic addition. Compared to the permeability prediction by the 
Maxwell equation, the deviations for blends comprising 30-70 wt% PIM-1 in 
Matrimid are significantly reduced. However, the measured permeability for these 
blends is still approximately 10-35% lower than the calculated ones. This is no 
surprising as the model adopted here only works well for homogeneous blending 
system, whereas partial miscible have somewhat been observed for this work. In 
addition, the effect of CTC may tighten the polymer chains and reduces the 
permeability. Thus, the experimental permeability results obtained for blended 
membranes within this region deviated from the predicted results. On the other hand, 
the well fitted results are obtained when the PIM-1 loading is less than 10 wt% or 





























Figure 4.10 Correlations between the blend composition and the permeability of 
PIM-1/Matrimid blends in O2 (□), N2 (Δ), CH4 (○) and CO2 (◊) at 35 oC and 3.5 atm 
(dashed lines estimated using the semi-logarithmic rule and solid lines obtained from 
experiments) 
 
Figure 4.11 shows a comparison of the ideal selectivity and the semi-logarithmic 
selectivity for O2/N2 and CH4/CO2 gas pairs. The selectivity of the rule of semi-

























P                                                                       (4.4) 
Consistent with our hypothesis, the selectivity for all the blend compositions is higher 




































Figure 4.11 Correlations between the blend composition and the selectivity of PIM-








 at 35 
o
C and 3.5 atm (dashed lines 




In this work, the physical properties, phase behavior and gas transport properties of 
PIM-1/Matrimid blends have been investigated. The PLM analyses suggest that most 
of the PIM-1/Matrimid blends exhibit partially miscible behavior. Matrimid could 
totally dissolve in PIM-1 and show signs of homogeneous blends at low 
concentrations of Matrimid (e.g., PIM-1/Matrimid (90:10) and PIM-1/Matrimid 
(95:5)). The DMA result shows two distinctive Tgs and both Tgs shift toward each 
other as the loading of PIM-1 increases. This provides clear evidence and thus 
suggests the partial miscibility of these two polymers. The possible intermolecular 
CTC interactions proved by UV absorption tests and the shift of C=O peak observed 
in FTIR spectra further validate the partially miscible behavior in PIM-1/Matrimid 
blends. In respect to FFV results, the experimental FFV is higher than the predicted 
FFV when the PIM-1 loading is less than 30 wt%. This is probably attributed to the 
rigid chain characteristics of both polymers and eventually the charge transfer. 
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Whereas the experimental FFV is lower than the predicted FFV in the blends with 
more than 50 wt% PIM-1 possibly ascribed to better mixing and CTC formation 
between the two polymers.  
 
The incorporation of PIM-1 in Matrimid leads to a significant increase in gas 
permeability of Matrimid rich membranes with a minimal decrease in gas-pair 
selectivity. For O2/N2 separation, the addition of a small amount of Matrimid in PIM-
1 induces a fair enhancement in gas-pair selectivity, thus the overall gas separation 
performance surpasses or closes to the upper bound (e.g., PIM-1/Matrimid (70:30), 
PIM-1/Matrimid (90:10) and PIM-1/Matrimid (95:5)). For CO2/CH4 separation, the 
gas separation performance goes along with the Robeson upper bound line when PIM-
1 loading increases, but all blend membranes have separation performance below the 
upper bound. It is believed that the addition of 5-10 wt% PIM-1 into Matrimid makes 
the resultant Matrimid rich membrane much suitable for CO2/CH4 separation without 
compromising its CO2/CH4 selectivity as well as for air separation with remarkably 
enhanced O2 permeability and O2/N2 selectivity. 
 
Both Maxwell equation and rule of semi-logarithmic addition have been employed to 
examine their suitability in predicting the gas permeability against experimental data. 
Compared to the Maxwell equation, prediction by the rule of semi-logarithmic 
addition has smaller deviations. However, the measured permeability for these blends 
is still approximately 10-35% lower than the calculated ones. This is possibly due to 
the fact that the semi-logarithmic addition model only works well for homogeneous 
blending system, whereas partial miscible have been observed for most PIM-
1/Matrimd blends. In addition, the effect of CTC may play an important role in 
tightening the polymer chains (connected polymer chains of the two phases as a form 
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The depletion of non-renewable fossil resources and the acceleration of green gas 
emission have driven public attention in green H2 production [1, 2]. H2 is commonly 
known as an environmentally benign energy carrier as its combustion does not emit 
CO2. In June 2013, the U.S. Department of Energy has announced a new funding of 
up to $9 million added on the funding of $1.2 billion given in 2003 for R&D activities 
in hydrogen and fuel cell production and application [3].It is known that H2 is the 
most abundant element in the earth. Thus, using H2 as an alternative fuel may provide 
the security in energy supply and at the same time is a vital solution to mitigate the 
climate change. Nevertheless, H2 does not exist naturally. About 80 % of H2 is 
produced from steam reforming of natural gas and the remaining is generated from 
coal and biomass [4].The steam reforming of natural gas is coupled with the water-
gas-shift reaction to produce more H2 and minimize CO. To obtain high purity H2, the 
main contaminant CO2 has to be removed from the product stream. 
 
The most common technique for H2 separation is the pressure-swing adsorption [5]. 
Recently, membrane-based separation technologies have become attractive due to 
their unique characteristics of small footprint, high energy efficiency and 
environmental friendliness [6-8]. Despite these advantages, the membrane-based 
separation of the H2/CO2 mixtures is facing challenges because most polymeric 
membranes display a low H2/CO2 selectivity. The gas transport across a membrane is 
contributed by its diffusivity and solubility. For the pair of H2/CO2, most membranes, 
on one hand, undoubtedly have a higher diffusivity towards H2 since it has a small 
kinetic diameter than CO2 (2.89 Å vs. 3.30 Å). On the other hand, most membranes 
generally have a higher solubility towards CO2 because of its higher condensability 
onto the membrane, which is reflected by the fact that the critical temperature of CO2 
is much higher than that of H2 (304.2 K vs. 33.2 K). The dilemma between the high 
diffusivity of H2 and the high solubility of CO2 is the critical challenge in developing 
membranes for the H2/CO2 separation. Moreover, membrane scientists often cope 
with the trade-off behavior between permeability and selectivity where a high 
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permeability membrane comes along with a low selectivity and vice versa. This trend 
is plotted by the well-known Robeson upper-bound line that was derived from various 
polymeric membranes [9]. The development of membranes with superior permeability 
and selectivity surpassing the upper bound is desperately needed for competitively 
commercial applications. 
 
Various modification strategies have been employed to achieve H2-selective 
membranes such as new material syntheses, multi doping with halogen ions, polymer 
blending, thermal treatment, chemical cross-linking, UV cross-linking and inorganic 
particle filling [8]. Among them, chemical cross-linking with diamines appears to be 
one of the most effective ways to enhance the selectivity. The cross-linking 
modification involves in the reaction of an imide ring with diamines to produce an 
amide cross-linking network. The diamine cross-linking modification was first 
reported by R.A. Hayes [10] in his patent to improve O2/N2 selectivity. After 
crosslinking the (2,2’-bis(3,4-carboxylphenyl) hexafluoropropane dianhydride) 
(6FDA) membrane with triethylenetetramine (TETA) and pentaethylenehexamine 
(PEHA), its O2/N2 selectivity improved from 3.8 to 6.8 and 9.8, respectively. In Liu et 
al.’s work, the 6FDA-durene films cross-linked with p-xylenediamine (pXDA) 
displayed an enhanced He/N2 selectivity from 10 to 86 and an O2/N2 selectivity from 
4.1 to 5.9 [11] Tin et al. confirmed the increment in He/N2 selectivity by cross-linking 
Matrimid membranes with pXDA. The modified membranes were also able to 
suppress the plasticization phenomenon [12] Many other researchers also studied the 
diamine cross-linking to enhance plasticization [13] and solvent resistance [14].  
 
Diamine cross-linking modifications have been proposed for improving the H2/CO2 
selectivity in recent years. Chung et al. cross-linked 6FDA-durene membranes with 
trimethylenediamine (TMEDA) and the H2/CO2 selectivity increased significantly 
from 1 to 101 after the modification [15]. Low et al. examined the effect of cross-
linking 6FDA-based membranes by aliphatic diamines and proposed the cross-linking 
mechanisms [16, 17]. The TMEDA cross-linked membranes displayed a remarkable 
improvement in H2/CO2 selectivity from 2.3 to 64 [16]. However, the permeability of 
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all these membranes decreased dramatically after cross-linking modification. To 
improve permeance and membrane mechanical strength, Chung and co-workers have 
modified the process of cross-linking modifications using the vapors of 
ethylenediamine (EDA) and diethylenetriamine (DETA) [18-20]. A significant 
enhancement in H2/CO2 selectivity was achieved within a short duration of cross-
linking modifications. Wijenayake et al. adopted a similar method by applying EDA 
vapor to cross-link the 6FDA-Durene and ZIF-8 membranes surface and improve the 
gas pair selectivity [21]. 
 
In recent years, a novel class of polymers, polymers of intrinsic microporosity (PIMs) 
has gained much attention due to their large surface area, highly rigid and contorted 
molecular structure that yield a large fractional free volume (FFV) [22-29]. Among all 
the PIMs synthesized, PIM-1 is one of the most recognized types because of its high 
gas permeability and moderate selectivity [26-29]. Briefly, PIM-1 is a CO2-selective 
membrane, which possesses a superior H2 and CO2 permeability of around 1300-4000 
Barrer and 3000-8000 Barrer, respectively and a relatively low H2/CO2 selectivity of 
0.4-0.8 [26-29]. Because of the prevailing difficulty in tuning the selectivity for 
H2/CO2, most recent PIM-1 modifications were focused on improving its CO2/CH4 
selectivity. To our best understanding, there were only a couple of studies from 
Chung’s group [30, 31] that applied the UV rearrangement process to alter PIM-1 
membranes to be H2-selective. 
 
For the purpose of developing membranes with superior performance for H2 
purification, PIM-1 was employed as a base membrane material in this study. 
Different from the previous UV rearrangement approach, a simple strategy consisting 
of two modification steps was explored to tailor the PIM-1 membranes to be H2-
selective. Firstly, a polyimide Matrimid was incorporated into PIM-1 to provide the 
imide structure for chemical modification. Secondly, the resultant mixed matrix 
membranes were subjected to the diamine cross-linking modification. In this work, 10 
wt% Matrimid was chosen to blend with PIM-1 since this is the only ratio that 
exhibits homogeneous blending based on our previous studies [32, 33]. The highly 
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permeable PIM-1 was selected to buffer the low gas permeability of the cross-linked 
Matrimid. Therefore, in addition to develop high performance H2-selective 
membranes, we aim to (1) fundamentally understand the relationship between 
diamine structures and cross-linking reaction, (2) investigate the effect of different 
immersion durations on gas transport properties; and (3) examine the morphologic 
evolution of the diamine modified membranes. It is envisioned that the fundamentals 
and knowledge gained throughout this study may facilitate the development of 
polymeric membranes for green H2 separation applications. 
 
5.2 Results and discussion 
5.2.1 Effects of diamine structure on the degree of cross-linking 
 
Figure 5.1 describes the cross-linking mechanism of PIM-1/Matrimid with diamines. 
Cross-linking happens when two amine groups in one diamine molecule react with 
two imide chains of Matrimid. Otherwise, chemical grafting may occur when only 
one amine group in the diamine attaches with one imide chain of Matrimid.  
 
To investigate the structural changes after diamine modification, ATR-FTIR 
characterizations of the pristine PIM-1, PIM-1/Matrimid (90:10) and diamine 
modified PIM-1/Matrimid (90:10) membranes were studied and Figure 5.2 shows the 
results. A characteristic intensity band appears near 2250 cm-1 which corresponds to 
the nitrile stretching in PIM-1 [24]. Compared to the pristine PIM-1 membrane, 
several prominent polyimide peaks can be observed in the blended PIM-1/Matrimid 
membranes. In particular, the new peaks at 1778 cm-1 and 1712 cm-1 are attributed to 
the asymmetric and symmetric carbonyl (C=O) stretching of the imide group in 
Matrimid, respectively [12, 32]. The other characteristic peaks of the imide group 
including the C-N stretching at 1350 cm-1 and the out-of-plane bending of C-N-C at 
717 cm-1 are also visible. 
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After modifying the PIM-1/Matrimid (90:10) membranes with diamines, the 
characteristics peaks of the imide group become less intense while the typical peaks 
of the amide group at 1650 cm-1 (C=O stretching) and 1550 cm-1 (C-N stretching) are 
clearly visible. The intensity of the amide group indicates the degree of modification 
reaction. It can be seen that the membranes modified with different diamines have 
different degrees of cross-linking under the same immersion duration of 2 hr. Greater 
intensities of the amide peaks are noticeable for the membranes modified by pXDA, 
BuDA and TETA, while less intense or nearly no visible amide peaks can be observed 
for the ones modified by EDA and TMEDA. The higher conversions of imide to 
amide groups indicate greater degrees of cross-linking for the membranes modified by 
pXDA, BuDA and TETA compared to the ones modified by other diamines. Although 
there are possibly unreacted diamines in the polymer matrix, it does not clearly reflect 
in the IR spectra possibly due to the weak band and the amount of those amines are 


























































Figure 5.1 Cross-linking mechanism of Matrimid in the PIM-1/Matrimid (90:10) 



























Figure 5.2 ATR-FTIR spectra of the pristine membrane and the membranes modified 
with different diamines for 2 hr 
 
The reactivity of a diamine generally correlates with its acidity constant or pKa value. 
The lower the pKa value, the higher the reactivity. The pKa values of the diamines 
used in this study are presented in Table 5.1 [34]. The order of pKa values implies that 
the degree of cross-linking reaction should follow the order of EDA = TETA < 
TMEDA < pXDA < BuDA. However, the results obtained from FTIR spectra indicate 
that the pKa value of diamines may not be the sole controlling factor in determining 
the chemical modification of PIM-1/Matrimid (90:10) membranes. In fact, the length 
and spatial structure of diamines are other important factors in this case since the 
distance among polyimide chains is long due to their small amount (10 wt%) in the 
blend. As the consequence, the longer and bulkier diamines such as pXDA, BuDA 






Table 5.1 Chemical structures and pKa values [34] of diamines 

























To validate the above hypothesis, TGA analyses, gel content measurements and XRD 
characterizations of the pristine PIM-1, PIM-1/Matrimid (90:10) and diamine 
modified membranes have been performed. Figure 5.3 shows TGA or the thermal 
degradation curves of these membranes. The thermal degradation temperature is 
estimated based on 5 wt% loss of the original weight. It can be seen that the original 
PIM-1 membrane displays a thermal stability up to 450 °C as a result from the strong 
dipolar interactions of nitrile groups in the PIM-1 [35]. The PIM-1/Matrimid (90:10) 
membrane has a small decrease in the degradation temperature as compared to the 
pristine PIM-1 membrane. Interestingly, the membranes cross-linked with pXDA, 
BuDA and TETA exhibit a weight loss at around 150-200 °C before reaching their 
degradation temperature of 450 °C. This weight loss is probably due to the early 
removal of cross-linking moieties [16, 36], the reversible diamine cross-linking 
reaction [37, 38] as well as water loss from amide to imide and some residue of the 
cross-linking. In other words, it is an indirect indicator of successful cross-linking 
reactions by diamines. The similar observation for diamine modified membranes has 
been reported by other researchers [16, 36]. The highest weight loss is observed for 
the membrane modified with 2 hr TETA indicating the highest cross-linking degree in 
this membrane comparing to the ones modified by other diamines. On the other hand, 
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the membranes modified by 2 hr EDA and 2 hr TMEDA have a similar TGA profile 
to the pristine PIM-1/Matrimid (90:10) membrane, indicating lower degrees of 



































Figure 5.3 TGA curves of the pristine membrane and the membranes modified with 
different diamines for 2 hr 
 
The extent of chemical cross-linking by diamines is also verified by the gel content of 
the cross-linked films. The gel content of the 2 hr TETA modified membrane is about 
1% while no obvious gel content could be obtained for the membranes modified by 2 
hr pXDA, 2 hr EDA, 2 hr TMEDA and 2 hr BuDA. The low gel content of the cross-
liked membranes in this study is likely because: (1) the concentration of cross-
linkable polyimide in the polymer matrix is very low (10 wt%); and (2) the cross-
linking reaction seems to mainly occur on the membrane surface. The highest gel 
content of the membrane modified by TETA implies that TETA is the most effective 
cross-linking agent for the modification of PIM-1/Matrimid (90:10) membranes 




Since the chemical cross-linking between diamines and imide groups may re-arrange 
the polymer chains at the molecular level, XRD characterizations were conducted to 
study the interstitial space of the membranes before and after the diamine 
modification. Figure 5.4 shows their XRD curves. The typical Bragg peaks of PIM-1 
have d-spacing values in the region of 3.8 Å to 11.9 Å representing the amorphous 
nature of this polymer.  
 











Figure 5.4 XRD spectra of the pristine membrane and the membranes modified with 
different diamines for 2 hr 
 
The broad band at 3.8 Å is a typical peak for aromatic systems [39] while the d-
spacing of 4.9 Å refers to the chain-to-chain distance of efficiently space packed 
polymer chains and the conformation of ultra-fine pores [30, 40]. Another peak at 6.6 
Å is probably attributed to the loosely packed polymer structure created by the kinked 
ladder-type backbone structure of PIM-1 and represents the development of 
micropores between the polymer chains [30, 35]. The adjacent spiro-carbons in PIM-1 
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polymer chains [35] are generally characterized by the peak at 11.9 Å. However, this 
peak could not be observed in the XRD spectra in this study, possibly due to its low 
density. 
 
Comparing to the pristine PIM-1/Matrimid (90:10), the membrane treated with 2 hr 
TETA shows a noteworthy change, where its peaks at 3.8 Å, 4.9 Å, 6.6 Å shift to 
lower values. The shifts towards smaller inter-chain spacing imply an enhancement in 
chain packing of the membranes. Table 5.2 shows the pure gas transport properties of 
the pristine PIM-1, PIM-1/Matrimid (90:10) membranes and the membranes after 2 hr 
diamine modification.  
 
Table 5.2 Pure gas permeability and selectivity of the pristine and diamine cross-





 Ideal Selectivity 
H2 O2 N2 CH4 CO2 H2/N2 O2/N2 CO2/N2 CO2/CH4 H2/CH4 H2/CO2




2118 575 144 173 2855 14.7 4.0 19.8 16.5 12.2 0.7 
PIM-1/Matrimid (90:10) membranes modified with 
2 hr EDA 2783 930 269 374 4572 10.3 3.5 17.0 12.2 7.4 0.6 
2 hr TMEDA 1776 326 62.6 63.4 1157 28.4 5.2 18.5 18.2 28.0 1.5 
2 hr pXDA 823 124 20.8 17.2 388 39.6 6.0 18.6 22.5 47.8 2.1 
2 hr BuDA 1015 136 23.0 22.0 341 44.1 5.9 14.8 15.5 46.1 3.0 
2 hr TETA 395 32 4.3 3.4 41 91.9 7.4 9.5 12.1 116.2 9.6 




Compared to the PIM-1 membrane, the PIM-1/Matrimid (90:10) membrane has a 
lower permeability and slightly higher O2/N2, CO2/CH4 and H2/CH4 selectivity. 
Except the EDA modified membrane, all diamine cross-linked PIM-1/Matrimid 
(90:10) membranes show remarkable improvements in selectivity related to O2/N2 and 
H2 separations but all gas permeability decrease. The H2/CO2, H2/N2 and H2/CH4 
selectivity of the TETA modified membrane increase from 0.7, 14.7 and 12.2 to 9.6, 
91.9 and 116.2, respectively; i.e., with increments of 1271 %, 525 % and 852 %, 
respectively. Meanwhile, its H2 permeability decreases 81% from 2118 Barrer to 395 
Barrer. Interestingly, the O2/N2 selectivity of the TETA modified membrane also 
increases from 4.0 to 7.4, which corresponds to a solid increment of 85 %. On the 
contrary, the permeability of all the gases for the EDA modified membrane increases 
while their selectivity decreases slightly. The improvement in H2 selectivity of the 
TETA modified membrane is probably attributed to: (1) dense and closer packing of 
polymer chains, and reduced free volume due to efficient cross-linking reaction; and 
(2) additional hindrance to the transport of gas molecules because of formation of the 
amide structure. Thus, these gas transport data re-confirm the success of cross-linking 
reaction by TETA. Meanwhile, the increase in permeability but decrease in selectivity 
of the EDA modified membrane may arise from the fact that the membrane gets 
swollen by methanol (the solvent used to prepare diamine solutions) [38, 41] while 
the short-chained EDA is not sufficient to cross-link with the polyimide chains [15-
17]. 
 
The mechanical properties of the membranes before and after 2 hr diamine cross-
linking were characterized by their Young’s modulus, extension at break and 
maximum tensile stress. As revealed in Table 5.3, the Young’s modulus of the 
membranes after modified by diamines increases by 20-40 % as compared to that of 
the original PIM-1/Matrimid (90:10). This is mainly due to enhancement in polymer 
stiffness with the introduction of cross-linking bridges. Nevertheless, the extension at 
break of the diamine modified membranes displays a decrease of about 33-51 % as 
compared to the pristine PIM-1/Matrimid (90:10). The reduction in extension at break 
of the cross-linked membranes is likely ascribed to the presence of weak points within 
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the membranes after methanol-induced swelling and further diamine etching on the 
main polymer chains [16, 20]. 
 
Table 5.3 Mechanical properties of the pristine and diamine modified membranes 
tested at ambient temperature 
Membranes ID Young’s modulus (GPa)  
Extension at 
break (%)   
Maximum tensile 
stress (MPa) 
PIM-1 2.51 ± 0.16 5.63 ± 0.01 68.10 ± 5.45
PIM-1/Matrimid 
(90:10) 
2.53 ± 0.22  4.45 ± 0.04  52.60 ± 4.82 
2 hr EDA 3.03 ± 0.75 2.18 ± 0.11 51.61 ± 2.61
2 hr TMEDA 3.14 ± 0.22 2.20 ± 0.01 53.76 ± 6.31
2 hr BuDA 3.54 ± 0.07 2.96 ± 0.01 55.51 ± 1.46 
2 hr pXDA 3.85 ± 0.23 2.30 ± 0.07 43.30 ± 5.93 
2 hr TETA 3.65 ± 0.18 2.24 ± 0.19  54.88 ± 1.41 
 
5.2.2 Effect of diamine immersion duration on the degree of cross-linking  
 
As TETA is the most effective diamine for the chemical cross-linking in the PIM-
1/Matrimid (90:10) membrane, it is used for the further investigation on different 
immersion durations. FTIR analyses, TGA curves and gas transport properties were 
utilized to characterize membrane behavior. Figure 5.5 shows FTIR curves of the 
membranes modified with TETA at different immersion durations. It is clearly seen 
that the intensity of the imide peak at 1712 cm-1 decreases while the intensity of the 
characteristic amide peak at 1650 cm-1 increases with the increase in immersion 
duration.  This indicates that the degree of chemical cross-linking by TETA increases 
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Figure 5.5 ATR-FTIR spectra of the membranes modified with TETA at different 
immersion durations 
 
Figure 5.6 shows the TGA curves of the membranes before and after modification 
with TETA at different durations. All the TETA modified membranes display a 
weight loss at 150-200 °C. The weight loss of the membranes increases with a longer 
TETA immersion duration. However, it is surprising that the weight loss of the 2 hr 
TETA modified membrane is slightly higher than that of the 3 hr TETA modified one. 
This might suggest that there is an optimum duration time for the cross-linking 
reaction. As the TETA modification mainly occurs on the membrane surface, once the 
entire membrane surface is completely cross-linked and reaches a saturation state, the 
surface becomes a penetration restriction layer to hinder the diffusion of TETA into 





































Figure 5.6 TGA curves of the pristine membrane and the membranes modified with 
TETA at different immersion durations 
 
The pure gas permeability and ideal selectivity of the membranes before and after 
immersed in the TETA solution at different durations were measured at 35 °C and 3.5 
atm. The results are tabulated in Table 5.4. When the immersion duration increases, 
the H2/CO2, H2/N2, H2/CH4 and O2/N2 selectivity increase while their permeability 
decreases, indicate that the degree of cross-linking increases with the immersion 
duration. Nevertheless, this phenomenon is only valid for the membranes modified 
with TETA from 10 min to 2 hr durations. An optimum selectivity in H2/CO2, H2/N2, 
H2/CH4 and O2/N2 is achieved for the membrane cross-linked with 2 hr TETA. A 
longer TETA duration of 3 hr induces a slight decrease in selectivity. This is ascribed 
to the contrary impact between methanol-induced swelling and diamine cross-linking. 
Methanol-induced swelling opens up the polymer chains while diamine cross-linking 
narrows their distance. Before the membrane surface is completely cross-linked, the 
diamine cross-linking is dominant and hence the gas selectivity increases with cross-
linking time. When the membrane surface reaches a saturation state, methanol-
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induced swelling becomes greater and thus there is a slight decrease in gas pair 
selectivity and an increase in permeability. 
 
Table 5.4 Pure gas permeability and selectivity of the pristine and TETA cross-linked 
membranes tested at 35 °C and 3.5 atm 
Membranes ID 
Permeability (Barrer)a Ideal Selectivity 
H2 O2 N2 CH4 CO2   H2/N2 O2/N2 CO2/N2 CO2/CH4 H2/CH4 H2/CO2
PIM-1 2918 735 192 268 3825 15.2 3.8 19.9 14.3 10.9 0.8 
PIM-1/Matrimid 
(90:10) 2118 575 144 173 2855  
14.7 4.0 19.8 16.5 12.2 0.7 
PIM-1/Matrimid (90:10) membranes modified with different duration 
10 min TETA 739 68 10.0 8.5 185 73.9 6.8 18.5 21.7 86.9 4.0 
30 min TETA 572 59 8.5 7.2 124 67.3 6.9 14.6 17.3 79.4 4.6 
1 hr TETA 463 42 5.8 4.6 72 79.8 7.3 12.5 15.7 100.7 6.4 
2 hr TETA 395 32 4.3 3.4 41 91.9 7.4 9.5 12.1 116.2 9.6 
3 hr TETA 610 63 8.9 7.0 83 68.5 7.1 9.3 11.9 87.1 7.3 
a 1 Barrer = 1 × 10-10 cm3 (STP)cm/cm2s cmHg. 
 
Since the permeability of a membrane is a function of solubility and diffusivity 
coefficients, the CO2 sorption tests were conducted for the pristine PIM-1, PIM-
1/Matrimid (90:10), 1 hr TETA and 2 hr TETA membranes in order to examine the 
changes of these two parameters after diamine modification. Figure 5.7 depicts the 
CO2 sorption curves while Table 5.5 shows experimentally obtained CO2 
permeability, solubility and diffusivity coefficients. Both solubility and diffusivity 
coefficients of the 2 hr TETA modified membranes decrease as compared to those of 
the PIM-1 and PIM-1/Matrimid (90:10) membranes. However, the decrease in 
diffusivity coefficient is more prominent. This is due to the fact that solubility is 
mainly governed by the interaction between gas molecules and polymer chains while 
diffusivity significantly depends on the free volume of the membrane. The remarkable 
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decrease in diffusivity coefficient is likely due to the reduction of the large micro-
pores in the polymer matrix. This result also implies that the membranes modified 
with TETA have a smaller pore size and FFV as compared to the pristine membrane. 
This phenomenon is well correlated with the decrease in d-space of the 2 hr TETA 









































Figure 5.7 CO2 sorption isotherm of the pristine PIM-1, PIM-1/Matrimid (90:10) and 
TETA cross-linked films 
 
Table 5.5 Ideal CO2 permeability, solubility and diffusivity coefficients of the pristine 



















PIM-1 3825 71.38 53.59 
PIM-1/Matrimid 
(90:10) 2855 62.22 45.89 
1 hr TETA 72 57.16 1.26 





5.2.3 Morphological evolution of diamine modified membranes 
 
The cross-sectional morphologies of the membranes before and after 1 hr and 2 
hr TETA modifications were examined as illustrated in Figure 5.8. The original 
PIM-1/Matrimid (90:10) membrane displays a fully dense structure. 
Interestingly, after TETA modification, the membrane exhibits a porous 
structure at the middle bulk and a very thin dense selective-layer at the outer 
surface. The porous structure at the middle bulk is attributed to the methanol-
induced swelling while the very thin dense selective-layer is formed by the 
TETA cross-linking reaction. For the membrane treated with a longer TETA 
duration of 2 hr, the middle bulk becomes more porous. Despite the higher 
porosity in the bulk, the membrane modified with 2 hr TETA has lower gas 
permeability as tabulated in Table 5.4. This is attributed to the fact that the thin 
selective layer at the outer surface is the controlling factor in determining the 
permeability and this re-confirms the complete cross-linking on the outer 
surface of the membrane modified by 2 hr TETA. Figure 5.8 also shows that 
the dense selective layers of both 1 hr TETA and 2 hr TETA membranes are 
very thin with their thicknesses of less than 100 nm. These morphologies 
provide the evidence that the diamine cross-linking successfully transforms the 





(b) 1 hr TETA
(c) 2 hr TETA
 
Figure 5.8 FESEM cross-sectional morphologies of (a) the pristine PIM-1/Matrimid 
(90:10); (b) the 1 hr TETA and (c) 2 hr TETA modified membranes 
 
To validate the dense-selective layer thickness and to understand the morphological 
change of the TETA modified membranes, PALS analyses were employed. Figure 5.9 
shows the evolution of R parameter as a function of incident positron energy and the 
penetration depth of the positron into the membrane. S-parameter was not studied 
because of the presence of imide functional groups in Matrimid, which would cause 
the strong quenching and inhibition of the positronium [20, 42] The patterns of R 
parameters could be interpreted as three regions. The first region is when the R 
parameter decreases dramatically to a minimum value with an increase in incident 
positron energy. This region is defined as the dense-selective layer. The second region 
is named as the transition layer where the R parameter increases with a further 
increase in incident positron energy. The transition layer indicates the change in 
membrane morphology from a dense to a porous structure. The third region is where 
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the R parameter reaches a plateau, indicating a more homogenous porous 
substructure. 
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Figure 5.9 R parameter versus positron incident energy (or mean depth) of the 
pristine PIM-1/Matrimid (90:10), 1 hr and 2 hr TETA cross-linked membranes 
 
With reference to Figure 5.9, the R parameter of the pristine PIM-1/Matrimid (90:10) 
membrane shows an almost single pattern with a smooth horizontal line. This 
indicates that the membrane owns a homogenous dense structure. After diamine 
modification, the 1 hr TETA and 2 hr TETA modified membranes exhibit a distinct 
three-region structure. This signifies that the membranes are transformed to an 
asymmetric structure. Compared to the 1 hr TETA modified membrane, the 2 hr 
TETA modified membrane has the lower R value which implies its denser selective-
layer. The dense layer thickness can be estimated by the VEPFIT software. As 
tabulated in Table 5.6, the simulated dense layer thickness of the TETA cross-linked 
membranes is less than 100 nm. The results obtained from PALS agree adequately 




Since the diamine modified membranes are not in a homogenous dense structure, the 
permeability of the resultant membranes could be estimated based on a simplified 
















T                                       (5.1) 
where l is the thickness, P is to the permeability, A is the surface area; and the 
subscripts of T, 1, 2, 3 refer to the overall property, top modified layer, unmodified 
middle layer and bottom modified layer, respectively. There are a few assumptions 
made, including: 1) the membrane is in a composite structure with a homogeneous 
modified layer, 2) the modification is uniform in the planar direction (AT=A1=A3), 3) 
the thickness of the top and bottom modified layers are equal (l1=l3) and 4) the 
permeability in the top and bottom modified layers are similar (P1=P3) [16, 20]. The 

























T                                         (5.3) 














                                                    (5.4) 
 
From Eq. 5.4, the modified layer thickness, l1 is presumably as the dense layer 
obtained from PALS while the P2 is the pristine permeability of the PIM-1/Matrimid 
(90:10) membrane. The calculated H2 and CO2 permeability for the modified layer of 
the 2 hr TETA cross-linked membrane are 1.55 Barrer and 0.13 Barrer, respectively; 




Table 5.6 R parameters and dense-selective layer thickness of the PIM-1/Matrimid 








PIM-1/Matrimid (90:10) 0.3610 ± 1.79 x 10
-3
  - 
1 hr TETA 0.3569 ± 1.07 x 10
-3
  51 ± 6  
2 hr TETA 0.3557 ± 2.11 x 10
-3 80 ± 8  
a R1 and L1 are the R parameter and the thickness of dense layer obtained from the 
VEPFIT simulator, respectively. 
 
5.2.4 Mixed gas separation performance and the Upper bound comparison 
 
Table 5.7 summaries the mixed gas and pure gas separation performance of the 
pristine and the TETA modified membranes. For the binary H2/CO2 (50%/50%) test, 
the 2 hr TETA modified membrane shows a H2 permeability of 205 Barrer and a 
H2/CO2 selectivity of 5.3. Compared to the pure gas separation performance, the 
decreases in H2 permeability and H2/CO2 selectivity are ascribed to the sorption 
competition between H2 and CO2 [43, 44].  
 
Table 5.7 Binary gas permeability and selectivity of the pristine and TETA modified 
















 3065 (3825) 0.2 (0.6) 
PIM-1/Matrimid (90:10) 907 (2118) 2083 (2855) 0.4 (0.7) 
1 hr TETA 166 (463) 44 (72) 3.8 (6.4) 




The H2/CO2, H2/N2, H2/CH4 and O2/N2 separation performance of the pristine PIM-1, 
PIM-1/Matrimid (90:10) and TETA modified membranes are plotted against the 
Robeson upper bound in Figure 5.10. It can be seen that the TETA modified 
membranes show an impressive improvement in selectivity. The separation 
performance of the TETA cross-linked membranes for all the gas pairs is surpassing 
the upper bound of the current membranes. On the other hand, a comparison of other 
modified membranes [16, 20, 30, 45, 46] for the H2/CO2 separation has been included 
in Figure 5.10. The TETA cross-linked membranes demonstrate a better enhancement 
with a higher H2 permeability. The high performance of the TETA modified 


















 2 hr TETA (H2/CO2: 50/50%)
 2 hr TETA
 1 hr TETA
 30 min TETA
 10 min TETA
 PIM-1/Matrimid (90:10)
 PIM-1
















 2 hr TETA
 1 hr TETA
 30 min TETA
 10 min TETA
 PIM-1/Matrimid (90:10)
 PIM-1

















 2 hr TETA
 1 hr TETA
 30 min TETA
 10 min TETA
 PIM-1/Matrimid (90:10)
 PIM-1













 2 hr TETA
 1 hr TETA
 30 min TETA




Figure 5.10 A comparison of H2/CO2, H2/N2, H2/CH4 and O2/N2 separation 
performance of the pristine PIM-1, PIM-1/Matrimid (90:10) and TETA modified 
membranes with the Robeson upper bound: 6FDA-ODA/NDA (PDA 90 min) (●) 
[13]; 6FDA-durene (DETA 60 °C 10 min) (x) [17]; (PIM-1-UV4 hr (◊) [26]; 






We have demonstrated a simple method to modify the properties of PIM-1 from CO2-
selective to H2-selective by incorporating 10 wt% Matrimid in PIM-1 and 
subsequently cross-linking with diamine. The cross-linking mechanism and the 
success of cross-linking reaction have been verified by FTIR analyses, TGA curves, 
gel content measurements, XRD analyses and mechanical properties. On contrary to 
results reported by other researchers; this study suggests that the spatial structure 
rather than pKa value of diamines is the dominant factor in controlling the reactivity 
of diamines towards the PIM-1/Matrimid (90:10) matrix. A longer chain and bulkier 
diamine such as TETA is more effective in the cross-linking reaction. This is mainly 
attributed to the low concentration of cross-linkable polyimides distributing widely 
and far from each other in this blended polymer matrix. The extent of chemical cross-
linking reaches a saturation state after the certain immersion duration of 2 hr when the 
membrane surface is completely cross-linked. The results also show that the diamine 
cross-linking successfully alters the membrane morphology from a dense structure to 
a composite structure, which consists of a dense layer selective layer at both sides of 
the outer surface and a porous inner structure. This change in morphology of the 
modified membranes has been proved by FESEM images and PALS experiments. Gas 
separation performance displays that the PIM-1/Matrimid (90:10) membrane modified 
with 2 hr TETA has a H2 permeability of 395 Barrer with a H2/CO2 selectivity of 9.6. 
This resultant composite membrane shows a superior gas separation performance 
which surpasses the current upper bound line for H2/CO2, H2/N2, H2/CH4 and O2/N2 
separations. In conclusion, the newly developed TETA modified membrane reveals a 
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Anthropogenic CO2 emissions are came from forest burning, industrial manufacturing 
and power plants. According to the IPCC Climate Change 2007 report, the CO2 
emission from energy sectors is predicted to increase from 40 to 110 % between 2000 
and 2030 [1]. A recent study by Yamasaki stated that CO2 contributes about 60 % of 
global warming as compared to other greenhouse gases [2]. To mitigate the global 
warming, CO2 capture has been discussed aggressively. The main purpose of CO2 
capture is to concentrate CO2 before it can be transported to CO2 storage sites [3, 4]. 
Among all the available technologies, the polymer-based membrane separation 
process has played a significant role for CO2 capture because of its environmentally 
benign, easy processability, simple operation, small footprint and cost 
competitiveness [5-10]. Compared to existing polymer materials, polyimide emerges 
as a promising polymer because it exhibits high selectivity in major gas pairs (e.g., 
CO2/CH4 and O2/N2), high thermal stability and reasonable mechanical strength [11-
15]. 
 
Nevertheless, polyimide membranes generally have the plasticization issue when the 
separation involves a highly condensable gas (e.g., CO2) or is operated in aggressive 
conditions (e.g., high pressure and temperature). Plasticization happens with an 
increase in CO2 pressure that causes certain structure swelling up within the polymer 
matrix [11, 12, 16]. As a result, the inherent selectivity of polymer chains deteriorates. 
To enhance the membrane stability against the CO2-induced plasticization, many 
researchers have modified their membranes through cross-linking [12, 13, 17-19]. 
However, the cross-linked membranes yield a high selectivity but a reduced 
permeability in most cases. 
 
Other than cross-linking, polyimide polymers with an intrinsic high anti-plasticization 
property such as Torlon have been utilized. Torlon is a type of polyamide-imide 
which dissolves in polar aprotic solvents such as N-Methyl-2-pyrrolidone (NMP) and 
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N, N-dimethylformamide (DMF). It has an impressive plasticization pressure up to 
30-40 atm [20]. However, this polymer has a very low permeability which makes it 
impractical for the industrial CO2 capture. Attempts have been made to modify Torlon 
by blending it with other polymers such as Matrimid and PBI [21]. Miscible blends 
were formed owing to the existence of hydrogen bonding between polymers but no 
gas permeability of these blends was reported.  
 
Compared to Torlon, PIM-1 is a type of polymers of intrinsic microporosity well 
recognized for its superior gas permeability recently [22-29]. However, blending 
PIM-1 with Torlon is not feasible because PIM-1 only dissolves in dichloromethane 
(DCM), tetrahydrofuran (THF), chloroform (CHCl3) while Torlon dissolves in NMP 
or DMF. In the recent work of Du et al.’s group, PIM-1 was chemically modified to 
replace nitrile groups by carboxylic groups through hydrolysis [30-32].With the aid of 
carboxylic groups, the carboxylated PIM-1 (cPIM-1) became soluble in polar aprotic 
solvents. The resultant cPIM-1 membrane (treated at 120 oC for 5 hr) showed an 
increase in CO2/N2 selectivity of about 136% (from the initial value of 11 to 26) but a 
decrease in CO2 permeability of approximately 93% (from the initial value of 8310 
Barrer to 620 Barrer) [28].  
 
Since Torlon has superior gas-pair selectivity and plasticization resistance while PIM-
1 has outstanding gas permeability, we aim to explore a simple and novel method in 
this paper to combine their strengths by blending Torlon and the modified PIM-1 as 
new materials for gas separation membranes with enhanced gas transport properties 
and plasticization resistance. Different from Du et al.’s work, PIM-1 powders instead 
of PIM-1 membranes would be used for the chemical modification. Therefore, the 
objectives of this work are to: (1) molecularly tailor cPIM-1/Torlon membranes with 
synergistic separation efficiency and anti-plasticization property, (2) fundamentally 
understand the properties and interactions of the polymer blends and (3) investigate 
the effects of blend ratio on separation performance and plasticization behave. To our 
best knowledge, this is the first paper investigating the polymer blends of cPIM-1 and 
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polyamide-imide for gas separation with enhanced separation performance and 
superior anti-plasticization behavior. 
 
6.2 Results and discussion 
6.2.1 Characterization of cPIM-1 polymer 
 
To analyze the structure of cPIM-1, solubility tests, NMR, FTIR, contact angle 
measurements and TGA analyses were performed. Table 6.1 shows the solubility tests 
of PIM-1 and cPIM-1 in different solvents; namely, dichloromethane (DCM), 
tetrahydrofuran (THF), N-methyl-2-pyrrolidone (NMP) and N, N-dimethylformamide 
(DMF). The modification mechanism of PIM-1 to cPIM-1 is depicted in Figure 6.1. 
The original PIM-1 dissolves only in DCM and THF while cPIM-1 dissolves in those 
non-solvents for PIM-1 such as NMP and DMF. Their gel content measurements in 
DCM reveal that the conversion of PIM-1 to cPIM-1 is 98.6 %. Compared to Du et 
al.’s work using PIM-1 films for the modification [30-32], the high degree of 
conversion in this study in a short period of reaction time (i.e., 1 hr reaction time) may 
be attributed to the sufficient contact area between PIM-1 powders and chemical 
agents during the reaction. The obvious solubility enhancement of PIM-1 after the 
hydrolysis modification provides a clear evidence of structural change. To verify this 
change, NMR and FTIR analyses were also employed and their results will be 
discussed in the following section. 
 
Table 6.1 Solubility tests of PIM-1 and cPIM-1 at room temperature 
Polymer 
Solventa 
DCM THF NMP DMF 
PIM-1 Yes Yes No No 
cPIM-1 No No Yes Yes 
a DCM, THF, NMP and DMF refer to dichloromethane, tetrahydrofuran, N-methyl-2-


























Figure 6.1 Mechanism of the hydrolysis reaction from PIM-1 to cPIM-1 
 
Figure 6.2 depicts the 1H NMR spectra of PIM-1 in CDCl3 and cPIM-1 in DMSO-d6. 
A typical PIM-1 spectrum is achieved, where the peak at 6-7 ppm is ascribed to the 
aromatic H-a and H-b and the doublet peak at 1.8-2.8 ppm is assigned to the aliphatic 
H-h [31, 32]. After hydrolysis, a broad peak at 7.2-8.3 ppm appears in the cPIM-1 
spectrum, which is attributed to the formation of –COOH groups. Moreover, the peak 
intensity ratio of the aromatic groups (e.g. H-a, H-b and –COOH) to the aliphatic 
groups (e.g. H-h and –CH3) is about 6H:16H which indicates the correct structure of  
cPIM-1 [31, 32]. A similar 1H NMR spectrum of cPIM-1 was reported by Du et al. 
[31, 32]. 
 
Figure 6.3 displays the structural changes of PIM-1 after hydrolysis by ATR-FTIR. A 
characteristic stretching band of nitrile (C≡N) groups appears near 2250 cm-1 in the 
spectrum of PIM-1 [33]. Compared to the pristine PIM-1, the nitrile peak is not 
visible in cPIM-1. In contrast, a prominent broad peak at the range of 3000 to 3600 
cm-1 and a small peak at 1700 cm-1 are observed in cPIM-1, which are attributed to the 
hydroxyl (–OH) and the carbonyl (C=O) stretching of the newly formed carboxylic 
acid groups, respectively [31, 32]. These results are consistent with the NMR spectra 
and re-confirm the approximately complete conversion of nitrile groups to carboxylic 




























































Figure 6.3 FTIR spectra of PIM-1 and cPIM-1 membranes 
 
To study the surface hydrophilicity, water contact angle measurements were carried 
out on the surfaces of PIM-1 and cPIM-1 membranes. Hydrophilicity is an indication 
of the affinity of a material with water molecules. A greater hydrophilicity comes with 
a smaller water contact angle value. As revealed in Table 6.2, the water contact angles 
of the original PIM-1 and cPIM-1 are 71.5 ± 2.6° and 58.7 ± 1.7°, respectively. An 
increase in hydrophilicity for cPIM-1 is probably due to the introduction of the highly 
polar carboxylic group in the polymer chains. 
 
Table 6.2 Contact angles of the PIM-1 and cPIM-1 membranes conducted at ambient 
temperature 
Membranes ID Contact angle (o) 
PIM-1 71.5 ± 2.6 
cPIM-1 58.7 ± 1.7 
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Figure 6.4 shows the thermal degradation curves of the pristine PIM-1 and cPIM-1 
membranes. Generally, the thermal degradation temperature is defined based on a 5 
wt% loss of the original weight. From the TGA curves, it can be clearly seen that the 
cPIM-1 membrane exhibits lower thermal stability (e.g., 350 °C) than the PIM-1 
membrane (e.g., 450 °C). The lower degradation temperature in cPIM-1 is resulted 
from the loss of the strong dipolar interaction of the nitrile groups [34] in PIM-1. On 
the other hand, the TGA analyses indirectly imply the successful modification of 























Figure 6.4 TGA curves of PIM-1 and cPIM-1 membranes 
 
6.2.2 Characterization of cPIM-1/Torlon membranes 
 
The cPIM-1/Torlon membranes were characterized by PLM, FTIR, DSC, TGA 
analyses and UV absorbance tests. The chemical structures of PIM-1 and Torlon are 
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depicted in Figure 6.5. Generally, optical inspection provides immediate information 
about homogeneity of the polymer blends. A PLM was employed as the optical tool in 
this study. A PLM image with a clear and single phase may indicate a homogenous 
blend. Figure 6.6 shows the PLM micrographs of the cPIM-1/Torlon membranes 
tested at room temperature. A homogenous morphology could be observed for the 
blend membranes consisting of 5-10 wt% cPIM-1 or 5 wt% Torlon. The membranes 
with other blend ratios seem to be partially miscible, where two phases coexist in the 
PLM images. These results suggest that only a small portion (i.e., up to 10 wt%) of 
































(c) cPIM-1/Torlon (10:90)(a) Torlon
(e) cPIM-1/Torlon (50:50) (f) cPIM-1/Torlon (70:30)
(i) cPIM-1
(h) cPIM-1/Torlon (90:10)
(d) cPIM-1/Torlon (30:70)(b) cPIM-1/Torlon (5:95)
(g) cPIM-1/Torlon (95:5)
 
Figure 6.6 PLM images of the dense membranes at room temperature: (a) Torlon; (b) 
cPIM-1/Torlon (5:95); (c) cPIM-1/Torlon (10:90); (d) cPIM-1/Torlon (30:70); (e) 
cPIM-1/Torlon (50:50); (f) cPIM-1/Torlon (70:30); (g) cPIM-1/Torlon (90:10); (h) 
cPIM-1/Torlon (95:5); (i) cPIM-1 
 
Other than PLM analyses, FTIR were employed to examine the structural changes. 
Figure 6.7 depicts the FTIR spectra of the cPIM-1/Torlon blend membranes. It is 
clearly seen that the –COOH peak becomes weaker as the weight percentage of cPIM-
1 in the blends reduces. Meanwhile, a higher intensity of imide and amide peaks 
appears for Torlon rich membranes (e.g., the blends consist of 50-100% Torlon). The 
typical peaks of imide rings are at 1700 cm-1, 1360 cm-1 and 720 cm-1, which reflect 
the symmetric C=O stretching, C-N stretching and C=O bending, respectively. The 
peak appearing at 1360 cm-1 represents the transverse stretching of the C–N–C bond 
in imide groups. The C=O and C-N stretching in the amide groups exhibit peaks at 
1650 cm-1 and 1590 cm-1, respectively. It is worth noting that the C=O peak of cPIM-
1 at 1700 cm-1 slightly shifts to a higher band with an increase in Torlon loading. This 
is probably due to the formation of ineraction between the two polymers through 






























Figure 6.7 FTIR spectra of PIM-1, cPIM-1, Torlon and cPIM-1/Torlon blend 
membranes 
 
The partially miscible behavior of the membranes was further validated by measuring 
their glass transition temperatures (Tgs) using DSC. Table 6.3 tabulates the DSC 
results of cPIM-1/Torlon membranes. The Torlon membrane displays a characteristic 
Tg of 273.9 oC [21]. Similar to PIM-1, cPIM-1 exhibits a high Tg value which is 
hardly detected in the testing range of 50 to 450 oC. This is mainly due to the high 
stiffness and low rotational freedom of the polymer chains in cPIM-1. There are two 
distinguishable Tgs for membranes consisting of 30 wt% cPIM-1 and above. The two 
Tgs appear at 286-360 oC and 399-415 oC which may represent the Torlon rich phase 
and cPIM-1 rich phase, respectively. Interestingly, these two Tgs shift towards each 
other when the cPIM-1 concentration increases. This suggests that there are two 





Table 6.3 Tg value of cPIM-1/Torlon blend system obtained from DSC 
Membranes ID Glass Transition Temperature, Tg (oC) 
Torlon 273.9 
cPIM-1/Torlon (5:95) 278.3 
cPIM-1/Torlon (10:90) 284.5 
cPIM-1/Torlon (30:70) 286.3, 415.4 
cPIM-1/Torlon (50:50) 297.1, 403.4 
cPIM-1/Torlon (70:30) 319.4, 399.2 
cPIM-1/Torlon (90:10) 359.8, 398.5 
 
UV absorbance tests were carried out to examine the development of charge transfer 
complexes (CTCs) in the cPIM-1/Torlon blend membranes. The formation of CTCs is 
attributed to the electron transfer interaction between the electron acceptor and donor 
[35, 37-40]. The electron donor tends to donate electrons to the acceptor, which 
shortens the distance between the donor and acceptor. The UV absorbance band of the 
blend membranes may be predicted using the additive law as follows [41]: 
λb = 1 λ1 + 2 λ2                                                                     (6.1) 
where λb is the UV absorbance band of the blend,  λ1 and λ2 are the UV absorbance 
bands of the pristine components 1 and 2, respectively, 1 and 2 are the respective 
volume fractions of components 1 and 2, respectively. 
 
Figure 6.8 displays the UV absorbance data of cPIM-1/Torlon blend membranes. 
Compared to the pristine cPIM-1 or Torlon, the UV absorbance band of cPIM-
1/Torlon blends exceeds the predicted data calculated from the additive law. This 
provides clear evidence that the formation of charge transfer complexes (CTC) 
between cPIM-1 and Torlon in their blends. The CTCs are formed due to two electron 
transfer mechanisms; namely, intramolecular and intermolecular charge transfers. The 
intramolecular charge transfer comes from the high electron density in the nitrogen 
atoms of Torlon and oxygen atoms in the ether groups of PIM-1. They behave as 
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electron donors to theirs own carbonyl groups as electron acceptors [35, 38-40]. On 
the other hand, the intermolecular charge transfer is formed by the electron transfer 
from the oxygen atoms of the ether groups in one polymer to the carbonyl groups of 
another polymer. As a result, there are UV absorption shifts in the cPIM-1/Torlon 
blend membranes. Moreover, it is believed that the formation of CTCs enhances the 




















Figure 6.8 UV absorbance values of cPIM-1/Torlon polymer blends 
 
6.2.3 Effect of different blend compositions to the gas transport properties and 
plasticization 
 
FFV refers to the fractional free volume which is not occupied by polymer chains. 
FFV can be calculated from the density of the polymer and it is inversely proportional 
to polymer density [11, 18, 42, 43]. Figure 6.9 shows the density and calculated FFV 
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of cPIM-1, Torlon and cPIM-1/Torlon membranes. cPIM-1 has a lower density and 
thus a higher FFV than Torlon. As a consequence, the FFV of the resultant blend 
membranes increases with an increase in cPIM-1 amount. The linear relationship 
between the experimental FFV and the predicted FFV implies a good 







































Figure 6.9 Density and FFV of cPIM-1/Torlon polymer blends 
 
Table 6.4 presents the pure gas transport properties of pristine cPIM-1, pristine Torlon 
and cPIM-1/Torlon membranes. On the one hand, the membranes incorporated with 
cPIM-1 show a remarkable improvement in permeability as compared to the pristine 
Torlon. On the other hand, compared to pristine cPIM-1, the addition of Torlon in the 
polymer blends increases the membrane selectivity. Interestingly, by incorporating 5, 
10 and 30 wt% cPIM-1 in Torlon, the CO2 permeability increases from the original 
0.541 to 0.682, 1.233 and 4.822 Barrers, respectively, which is equivalent to about 
26%, 128% and 791% increments, respectively. Meanwhile, the CO2/CH4 selectivity 
of these membranes drops slightly from the original 41.6 to 40.1, 39.8 and 34.4, 
respectively, which corresponds to a decrease of 3.6%, 4.4% and 17.2%, respectively. 
148 
 
A similar trend could be observed for the H2/N2, O2/N2, CO2/N2, H2/CH4, H2/CO2 
separation. The improvement in the permeability of all gases is mainly attributed to 
the fact that the incorporation of cPIM-1 with a higher FFV reduces chain packing 
and thus allows more gases to permeate through the membrane.  
 
Table 6.4 Pure gas permeability and selectivity of the Torlon, cPIM-1 and  
cPIM-1 /Torlon blend membranes tested at 35 °C and 3.5 atm 
Membranes ID 
Permeability (Barrera)  Ideal Selectivity 
H2 O2 N2 CH4 CO2  H2/N2 O2/N2 CO2/N2 CO2/CH4 H2/CH4 H2/CO2
Torlon 3.730 0.130 0.018 0.013 0.541  207.2 7.2 30.1 41.6 286.9 6.9 
cPIM-1/Torlon 
(5:95) 4.324 0.163 0.023 0.017 0.682 188.0 7.1 29.7 40.1 254.4 6.3 
cPIM-1/Torlon 
(10:90) 6.761 0.327 0.047 0.031 1.233 143.9 7.0 26.2 39.8 218.1 5.5 
cPIM-1/Torlon 
(30:70) 20.23 1.152 0.191 0.140 4.822 105.9 6.0 25.2 34.4 144.5 4.2 
cPIM-1/Torlon 
(50:50) 52.06 4.191 0.854 0.701 21.42 61.0 4.9 25.1 30.6 74.3 2.4 
cPIM-1/Torlon 
(70:30) 480.2 79.30 17.61 18.21 440.6 27.3 4.5 25.0 24.2 26.4 1.1 
cPIM-1/Torlon 
(90:10) 909.1 185.0 42.17 42.31 1013 21.6 4.4 24.0 23.9 21.5 0.9 
cPIM-1/Torlon 
(95:5) 1044 244.4 67.42 86.42 1382 15.5 3.6 20.5 16.0 12.1 0.8 
cPIM-1 1619 462.2 142.9 208.6 2654  11.3 3.2 18.6 12.7 7.8 0.6 
PIM-1  [36] 2918 735.0 192.0 268.0 3825 15.2 3.8 19.9 14.3 10.9 0.8 




Since the membranes exhibit a partially miscible behavior, the rule of semi-
logarithmic addition can be used to estimate the gas permeability and selectivity as 
follows [42, 43]: 









                                                  (6.3) 
where Pb is the permeability of the polymer blend, P1 and P2 are the permeability of 
components 1 and 2, 1 and 2 are the respective volume fractions of components 1 
and 2. Figure 6.10a shows the experimental and predicted permeability data for cPIM-
1/Torlon membranes. It can be seen that, the experimental data of all polymer blends 
are in good agreement with the values calculated from the rule of semi-logarithmic 
addition. This good agreement is directly resulted from the partially miscible behavior 
and the strong CTC effect between cPIM-1 and Torlon. As seen from Figure 6.10b 
and 6.10c, the selectivity of all membranes is higher than the predictions possibly due 
to the CTC effect [35]. Interestingly, the blend with 90 wt% of cPIM-1 in Torlon has 
a higher selectivity in both O2/N2 and CO2/CH4 separation as compared to the 
predicted data. A similar result has been reported in the PIM-1/Matrimid blend system 
[35]. This is likely attributed to CTC effect that provides different interaction sites to 


































































































Figure 6.10 Comparison between experimental data and prediction data for: (a) O2, 
N2, CH4, CO2 permeability; (b) O2/N2 selectivity; (c) CO2 /CH4 selectivity (dashed 
lines estimated using the rule of semi-logarithmic addition) 
 
Figure 6.11 shows the CO2 plasticization behavior of the cPIM-1/Torlon membranes. 
In general, the plasticization pressure refers to the pressure where the lowest 
permeability exists in a membrane before the dissolution of CO2 causes a sudden 
increase in permeability. It can be seen that all the cPIM-1/Torlon membranes show 
impressive anti-plasticization properties. The pristine cPIM-1 membrane exhibits a 
plasticization pressure at around 20 atm, but the Torlon/cPIM-1 blends display 
plasticization pressures up to 30 atm. The enhancement in plasticization resistance is 
likely due to the introduction of Torlon that not only forms partial miscible blends 














































































Figure 6.11 CO2 plasticization behavior of cPIM-1/Torlon membranes in the pressure 
range of 0.1-30 atm 
 
6.2.4 Mixed gas separation performance and the Robeson upper bound 
comparison 
 
Table 6.5 compares the CO2/CH4 (50%/50%) mixed gas and pure gas transport 
properties of cPIM-1/Torlon membranes. The binary gas data of cPIM-1/Torlon 
(90:10) shows a CO2 permeability of 963 Barrer, a CH4 permeability of 43 Barrer and 
a CO2/CH4 selectivity of 22.2. Generally, the CO2/CH4 selectivity of the mixed gas is 
similar to the pure gas. However, there is a slight difference in CO2 permeability 
between mixed and pure gas tests and this is ascribed to the sorption competition 
between CO2 and CH4 [8, 9, 11, 12, 44]. A Robeson upper bound performance of the 
O2/N2, CO2/CH4, CO2/N2 and H2/N2 separation is plotted in Figure 6.12. The gas 
separation performance goes along with the upper bound line with an increase in 
cPIM-1 loading. Loading a small amount (i.e., 5-30 wt%) of cPIM-1 into Torlon 
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drives the overall gas separation performance close to the upper bounds for the O2/N2, 
CO2/CH4, CO2/N2 and H2/N2 separation. 
 
Table 6.5 Binary gas permeability and selectivity of cPIM-1/Torlon membranes 
tested with a CO2/CH4 (50:50 mole %) at 35 °C and 7 atm 
Membranes ID 
Permeability (Barrer) Selectivity 
CO2 CH4 CO2/CH4 
cPIM-1/Torlon (10:90) 1.061 (1.233)a  0.027 (0.017) 39.7 (39.8) 
cPIM-1/Torlon (30:70)  4.52 (4.82)  0.13 (0.14)  33.6 (34.4) 
cPIM-1/Torlon (50:50)  19.48 (21.44)  0.65 (0.72) 30.0 (29.8) 
cPIM-1/Torlon (70:30)  383.2 (440.6)  16.3 (18.2)  23.4 (24.2) 
cPIM-1/Torlon (90:10)  946 (1013)  43 (42)  22.2 (24.1) 









































































































Figure 6.12 Comparison with Robeson upper bound for cPIM-1/Torlon blend 
membranes: (a) O2/N2; (b) CO2/CH4; (c) CO2/N2; d) H2/N2 separation 
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6.2.5 Comparison among the polymer blends incorporated with PIM-1 or 
cPIM-1 
 
PIM-1 is a highly permeable polymer attractive for gas separation but with a 
drawback of low selectivity. Blending it with highly selective polymers may expand 
and excel its potential.  However, there are only few PIM-1 blend studies with other 
polymers such as Matrimid [28, 35, 45] and Ultem [45, 46]. This is likely due to the 
difficulty in obtaining a fully miscible blend system. The first polymer blend with 
PIM-1 [45] was patented by the researchers of UOP but only the gas separation 
performance of the blend was reported. The detailed studies on the evolution of phase 
behaviors, prediction of gas transport properties [35, 46] and extention to hollow fiber 
configurations [28] have been recently carried by Chung and his co-workers. Up to 
date, to our best knowledge, this work is the first paper that reports the polymer blend 
with cPIM-1.  
 
Figure 6.13 compares the phase behavior of PIM-1 blending with Matrimid and 
Ultem, and cPIM-1 blending with Torlon. Among these three blend systems, the 
blends of cPIM-1 with Torlon show the most compatible system in most blend ratios. 
This is likely attributed to the hydrogen bonding and CTCs induced interactions 
between polymers that promote greater miscibility of the blends. Meanwhile, the 
PIM-1/Ultem blends give the least compatibility with the existence of two phases in 




PIM-1 or cPIM-1 content






Figure 6.13 Comparison of PLM images for different blend systems (i) PIM-
1/Matrimid [35]; (ii) PIM-1/Ultem [46]; (iii) cPIM-1/Torlon. [35, 46] Copyright 2012 
and 2013. Reproduced from Yong et al. and Hao et al. 
 
Table 6.6 also show a comparison of gas transport properties of the membranes made 
from these the blends. The addition of 10 wt% cPIM-1 in Torlon has the highest 
CO2/CH4 selectivity of 39.8 and a CO2 permeability of 1.233 Barrer among all the 
blends with low loadings of PIM-1 or cPIM-1 (e.g., less than 10 wt%). On the other 
hand, the high loading of 90 wt% PIM-1 in Matrimid shows the highest CO2 
permeability of 1953 Barrer with a moderate CO2/CH4 selectivity of 16 compared to 
the other blends. However, as a type of polyimide, the main drawback for the 
Matrimid blend system is its intrinsic poor plasticization behaviors [8, 10, 11, 47]. 
Therefore, the cPIM-1/Torlon membrane reveals as a good candidate for natural gas 
separation or CO2 capture because of its exceptional high plasticization resistance and 
reasonably good compatibility in the blend systems. The blend consists of 90 wt% 
cPIM-1 in Torlon with a CO2 permeability of 1013 Barrer and a CO2/CH4 selectivity 










Permeability (Barrera) Ideal Selectivity 




Torlon 35/3.5 0.13 0.018 0.013 0.541 7.2 30.1 41.6 This work 
cPIM-1/Torlon 
























(95:5) 35/3.5 244.4 67.42 86.42 1382 3.6 20.5 16 
This 
work 
























(50:50) 35/3.5 31 155 5.4 27 28 [35] 
PIM-1/Matrimid 
(70:30) 35/3.5 116   558 5 24 25 [35] 
PIM-1/Matrimid 
(90:10) 35/3.5 400   1953 4 20 16 [35] 
PIM-1/Matrimid 
(95:5) 35/3.5 632   3355 3.8 20 14 [35] 




































(30:70) 35/3.5 2.2 0.38 0.28 9.27 5.8 24.8 34.7 [46] 
PIM-1/Ultem 
(50:50) 35/3.5 10.4 1.9 2.2 51.7 5.4 26.9 23.2 [46] 
PIM-1/Ultem 
(70:30) 35/3.5 93.9 21.9 28.5 477.1 4.4 21.8 16.7 [46] 
PIM-1/Ultem 
(80:20) 35/3.5 230.1 65.2 97.1 1260 3.5 19.3 13.0 [46] 
PIM-1/Ultem 
(90:10) 35/3.5 512.4 143.7 247.6 2877 3.6 20.0 11.6 [46] 
PIM-1/Ultem 





In this study, PIM-1 was carboxylated by a hydrolysis reaction and blended with 
Torlon. The newly developed cPIM-1/Torlon blends were investigated in terms of 
miscibility and gas separation properties. The anti-plasticization properties of the 
blend membranes with different blend ratios were also examined in-depth. The 
following conclusions could be drawn from this work: 
 
1. The carboxylation of PIM-1 powders was successfully performed by the 
hydrolysis reaction, which was verified by solubility tests, gel content 
analyses, NMR, FTIR and water contact angle measurements. By introducing 
highly polar carboxylic groups in the polymer chains, the cPIM-1 displays a 
greater hydrophilicity and becomes soluble in polar aprotic solvents, which 
makes it ready for blending with other polymers. 
2. The cPIM-1/Torlon blend membranes with a small amount of cPIM-1 or 
Torlon (5-10 wt%) hold a homogeneous morphology, which was validated by 
PLM images and Tg values. This good miscibility is attributed to the 
intramolecular and intermolecular charge transfers formed among cPIM-1 and 
Torlon, which promote better entanglement of cPIM-1 and Torlon in the 
polymer matrix. UV absorbance measurements have confirmed our 
hypothesis.  
3. The addition of cPIM-1 in Torlon results in a significant increment in gas 
permeability of Torlon-rich membranes with a slight decrease in selectivity. 
The overall separation performance of cPIM-1/Torlon membranes has been 
driven close to the Robeson upper bound for O2/N2, CO2/CH4, CO2/N2 and 
H2/N2 separations.  
4. Remarkably, all the cPIM-1/Torlon membranes show impressive high anti-
plasticization properties with plasticization pressures up to 30 atm. The 
improved anti-plasticization property is attributed to the incorporation of 
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Torlon which not only has a great rigidity but also form partial miscible blends 
with cPIM-1, thus restricts the chain movement in the polymer matrix. 
5. Compared to PIM-1/Matrimid and PIM-1/Ultem blend systems, the cPIM-
1/Torlon blend shows the most compatible system. The interactions between 
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A recent data reveals that the CO2 concentration has reached 394 ppm in the 
atmosphere [1] which is far beyond the upper safety limit of 350 ppm [2]. With 
current energy demand, experts predicted that the CO2 concentration in the 
atmosphere would further increase by 50% to reach 570 ppm in the year of 2100 [2]. 
In 2011, the U.S. Department of Energy announced their investment of $41 million 
over a three-year period for the development of post-combustion technologies for CO2 
from coal–fired power plants [3]. Amine absorption and cryogenic separations are the 
conventional technologies for CO2 capture [4]. However, the high energy and solvent 
consumptions as well as environmental concerns are the main bottlenecks of these 
technologies. In order to treat the huge volume of natural gas and flue gas in reducing 
CO2 release directly to atmosphere, a high performance and environmentally friendly 
technology for CO2 capture is desperately required. 
 
 
Membrane technology has been demonstrated to possess properties of energy savings 
and environmental friendliness with small footprints for CO2 capture in the integrated 
gasification combined cycle (IGCC) coal-fire power plant [5]. Additionally, due to the 
ease of processing and cost competitiveness, polymeric membranes have been widely 
used in both research and development and industrial applications for gas separation 
[4-6]. Polymeric hollow fiber membranes are favorable for industrial gas separation 
owing to their high surface over volume ratio, good flexibility, self-mechanical 
support and ease of handling during large scale module fabrication [7-11]. Typically, 
hollow fiber membrane has an asymmetric structure that comes with a selective layer 
overlaying on top of a porous support. 
 
In the past decades, commercially available polyimide, Matrimid has been widely 
studied as the material for both flat sheet and hollow fiber membrane because of its 
high thermal stability and good processibility [12-16]. According to the literature, the 
pristine Matrimid exhibits prominent gas-pair selectivity of about 30-40 for CO2/CH4 
and 6-6.6 for O2/N2 [12-16]. However, it possesses relatively low gas permeability. 
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Clausi and Koros [14] were the first to develop defect-free Matrimid hollow fiber 
membranes with an ultra-thin selective layer of around 100 nm. They obtained a high 
O2 permeance of 33.7 GPU and O2/N2 selectivity of 6.0 when the fibers were spun 
with an air-gap of 2.5 cm. When the air-gap was increased to 18.5 cm, fibers had an 
enhanced O2/N2 selectivity of 6.8 but a relatively lower O2 permeance of 11.2 GPU. 
Jiang et al. [15] studied the Matrimid/polyethersulfone (PES) dual-layer hollow fiber 
membranes by using Matrimid as the outer selective layer and PES as the inner 
supportive layer. The use of dual-layer co-extrusion is one of the strategies to reduce 
the manufacturing cost since the costly Matrimid is only used in the outer layer. They 
developed the dual-layer fibers with an O2/N2 selectivity of 6.26 in pure gas tests and 
a CO2/CH4 selectivity of 40 in a binary 40/60 mol% CO2/CH4 mixture. Besides, Dong 
et al. [16] carried out a detailed study to examine the effects of spinning conditions on 
Matrimid hollow fibers. Their fibers had a CO2 permeance of about 11 and a 
CO2/CH4 selectivity of 47-67. Recently, David et al. [17] also spun Matrimid hollow 
fibers for hydrogen separation from multicomponent gas mixtures. However, most of 
the aforementioned hollow fiber membranes have relatively low gas permeance. The 
permeance must be further improved for disruptive industrial applications.     
 
In addition to synthesizing totally new materials [6, 18-27], modifications of existing 
materials [6, 28-34] have been extensively employed to design new membranes with 
enhanced performance. Among various modification approaches, polymer blend is 
one of the most cost- and time-effective routes as it combines the advantages of 
different materials into a new compound with unique and synergetic properties that 
are often difficult to be obtained by other synthesis means [35, 36]. As a consequence 
of superior thermal stability and separation performance, polyimide blended hollow 
fiber membranes have been broadly studied [37-40]. Matrimid blended with 
polybenzimidazole (PBI) [37], PES [38, 39] and (BTDA-TDI/MDI) P84 [39] as 
hollow fiber membranes for gas separation have been explored by different research 
groups. Hosseini et al. [37] developed dual-layer hollow fiber membranes consisting 
of Matrimid/PBI as an outer selective layer and polysulfone (PSF) as the inner 
supportive layer. The addition of PBI significantly enhanced the membranes to be H2 
selective with a H2 permeance of 29.26 GPU and a H2/CO2 selectivity of 11.11. 
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Kapantaidakis and Koops [38] showed that the incorporation of Matrimid into PES 
hollow fiber membranes increased permeance significantly if comparing with the 
pristine PES. The CO2 permeance was about 31-60 GPU with a CO2/N2 selectivity of 
35-40 after a silicon rubber coating. 
 
In the work of Visser et al. [39], the introduction of P84 in Matrimid resulted in 
higher O2/N2 and CO2/CH4 selectivity. In addition, P84/Matrimid fibers showed 
strong resistance to plasticization for CO2 feed concentrations below 80 vol %. On the 
other hand, the addition of PES into Matrimid increased plasticization resistance but 
resulted in a lower gas-pair selectivity comparing to the pristine Matrimid. Other than 
Matrimid-based blends, PBI and polyetherimide (PEI) hollow fiber membranes had 
been reported [40]. The incorporation of 0-30 wt% PBI into PEI formed miscible 
blends due to strong hydrogen bonding between them. However, the gas permeance 
decreased significantly with an increase in PBI concentration. Nevertheless, the 
addition of PBI successfully tuned the pristine PEI properties towards high H2/N2 
selectivity.  
 
In one of our previous studies, we had explored the blend compatibility between 
Matrimid and polymers of intrinsic microporosity (PIMs) and studied their synergistic 
gas permeability [34]. PIMs were chosen because not only they are a class of novel 
polymers but also possess extremely high free volume and large surface area due to 
the kinked ladder-type backbone structure [34, 41-47]. Our results showed that the 
incorporation of 5 and 10 wt% of PIM-1 into Matrimid induces the permeability 
increments of 25% and 77%, respectively, from the original 9.6 to 12 and 17 Barrer 
without much compromises in CO2/CH4 selectivity. Clearly, blending Matrimid and 
PIM-1 is a new strategy to molecularly design Matrimid based hollow fiber 
membranes with an enhanced flux and to simultaneously retain the high selectivity of 




Among all the PIMs synthesized, PIM-1 is one of the most recognized types [30, 34, 
44-47]. Briefly, PIM-1 has a superior CO2 permeability of around 3000-8000 Barrer 
and a CO2/CH4 selectivity of 9-16 depending on synthesis and post-treatment 
conditions [30, 34, 44-47]. Moreover, the O2 permeability of PIM-1 is about 700-1700 
Barrer with an O2/N2 selectivity of 2.2-4.3 [30, 34, 44-47]. To the best of our 
knowledge, no prior work has been reported on PIM-1 related hollow fiber 
membranes in the literature possibly due to its unimpressive gas pair selectivity. 
Modifications of PIM-1 with a high selectivity have received worldwide attention 
[41-43].  
 
Therefore, the purposes of this work are (1) to molecularly construct novel PIM-
1/Matrimid blend hollow fiber membranes with synergistic separation performance by 
combining characteristics of high gas pair selectivity from Matrimid and high 
permeability from PIM-1, (2) to fundamentally understand the science and 
engineering for the formation of PIM-1/Matrimid hollow fiber membranes, and (3) to 
fabricate high-performance defect-free PIM-1/Matrimid blend hollow fiber 
membranes with an ultrathin dense-selective layer. The effects of spinning parameters 
such as dope formulation, bore fluid composition, take-up speed, PIM-1 
concentration, and post-treatment conditions on gas separation performance will be 
systematically investigated. The miscibility and glass transition temperature (Tg) of 
blends will be also investigated by a polarized light microscope (PLM) and 
differential scanning calorimetry (DSC). It is envisioned that the fundamentals and 
knowledge gained throughout this study may create greater opportunities for further 






7.2 Results and discussion 
7.2.1 Miscibility studies of PIM-1/Matrimid flat sheet dense membranes  
 
Miscibility and homogeneity of the blend components play important roles to 
determine the physicochemical properties and applications of a polymer blend. 
Among various methods in determining miscibility, applied optical inspection to 
visualize the blend morphology is one of the simplest ways [35, 48]. As revealed by a 
PLM in Figure 7.1, the optical morphology of polymer blends comprising 5–15 wt% 
PIM-1 in Matrimid exhibits partial miscibility between each other.  
 
 
Figure 7.1 PLM images of the dense membranes at room temperature: (a) Matrimid; 
(b) PIM-1/Matrimid (5:95); (c) PIM-1/Matrimid (10:90); (d) PIM-1/Matrimid (15:85) 
 
The partial miscibility was further validated by measuring their Tg. Figure 7.2 shows 
their DSC results of the second heating. The pristine Matrimid exhibits a 
characteristic Tg at about 332 oC [34, 48]. It is generally understandable that the Tg of 
the pristine PIM-1 could not easily be detected in the range of 50 to 450 oC because of 
the low rotational freedom of main chains and the high stiffness of PIM-1 backbone 
[43]. Nevertheless, it is expected that the Tg of Pristine PIM-1 is more than 350 oC 
[43]. Consistent with our hypothesis, the Tg of the blend membranes shifts to a higher 
temperature when the PIM-1 concentration increases, as shown in Figure 7.2. Both 
optical observation and DSC results are in good agreement with our previous study by 
using dynamical mechanical analyses where the characteristics of partial miscibility 















Figure 7.2 DSC results of PIM-1/Matrimid dense membranes 
 
7.2.2 Morphology of PIM-1/Matrimid hollow fiber membranes 
 
Figure 7.3 depicts the cross-sectional morphologies of PIM-1/Matrimid (5:95) hollow 
fibers spun at condition 1A. As illustrated in the figure, the membrane consists of two 
distinct layers, where the inner layer is highly porous with full of finger-like 
macrovoids and the outer layer is ultrathin and dense. The ultrathin dense-selective 
layer provides the gas pair selectivity and high flux, while the porous inner layer 
functions as a mechanical support. Since the inner layer has a highly porous structure, 





Figure 7.3 Cross-sectional morphology of PIM-1/Matrimid (5:95)  
fibers spun at condition 1A 
 
Figure 7.4 shows the cross-sectional morphologies close to the outer dense-selective 
layer spun from dopes with different blend ratios of PIM-1/Matrimid. The dense-
selective layer is normally formed by the rapid demixing at the outer surface when the 
nascent fiber exposes to water that causes rapid coalescence and aggregation of 
polymer chains [49]. A close look at the dense-selective layer with a high 
magnification of 20,000 reveals that all the fibers spun from different blend ratios 
have a very thin dense-selective layer of about 30-70 nm.  
 
In addition, it is interesting to note that the macrovoids tend to be eliminated when a 
higher PIM-1 loading is incorporated in the polymer dope as shown in Figure 7.4. 
This is attributed to the higher viscosity of the PIM-1/Matrimid (15:85) polymer dope 
(when compared to PIM-1/Matrimid (5:95) and (10:90)) that effectively suppresses 
the formation of macrovoids. Besides, regardless of blend compositions from 5 to 15 
wt% PIM-1 in Matrimid, no clear phase separation could be observed in the polymer 
matrix as referred to the micrographs in Figure 7.4. Nevertheless, the effect of partial 
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miscibility with a high concentration of PIM-1 is apparently magnified during gas 
separation tests and the details will be disclosed in the later section. 
 
 
Figure 7.4 Dense-selective layer thickness of pristine (a) PIM-1/Matrimid (5:95); (b) 
PIM-1/Matrimid (10:90); and (c) PIM-1/Matrimid (15:85) hollow fiber membranes 
 
7.2.3 Effect of bore fluid compositions on inner surface morphology 
 
Figure 7.5 reveals the inner surface morphologies of fibers spun from the PIM-
1/Matrimid (15:85) dope using 95/5, 80/20 and 50/50 wt% NMP/water as bore fluids. 
As can be seen, the fiber spun with the highest solvent concentration (e.g., 95 wt% 
NMP) displays the most porous structure as shown in Figure 7.5(a). This is directly 
resulted from the delayed demixing with the existence of the high solvent content. On 
the other hand, when a high concentration of non-solvent (e.g., water) is used in the 
bore fluid, it would lead to a fast precipitation in the inner surface, thus a relatively 
denser skin is formed. As a result, the order of the inner surface porosity of the fibers 
follows a trend of 3A > 3B > 3C. Since a highly porous substructure is desirable to 
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minimize gas transport resistance, a bore fluid comprising a high solvent content (e.g., 




Figure 7.5 A comparison of the inner surface morphology of PIM-1/Matrimid (15:85) 
fibers spun with different bore fluid compositions: (a) NMP/water (95:5); (b) 
NMP/water (80:20); and (c) NMP/water (50:50) 
 
7.2.4 Effect of take-up speed on gas separation performance 
 
The take-up speed is another crucial parameter that affects the formation of defect-
free hollow fiber membranes. Generally, a higher take-up speed correlates to a greater 
elongational stress during spinning. Figure 7.6 shows the gas permeance of PIM-
1/Matrimid (5:95) hollow fiber membranes spun from different take-up speeds. An 
optimum selectivity for O2/N2, CO2/N2 and CO2/CH4 separation is achieved for the 
fiber spun from condition 1B when the take-up speed is at 10 m/min. For all gas pairs 
tested, the selectivity displays a general trend with an initial increase followed by a 
decrease when the take-up speed increases. The initial increase in gas-pair selectivity 
with increasing take-up speed is likely attributed to the enhanced polymer chain 
packing and alignment in the extruded fiber. On the other hand, a continued increase 
in take-up speed would result in overstretching of polymer chains and formation of 
minor defects on the membrane surface, thus a decrease in gas–pair selectivity [11, 
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50]. Moreover, with the effect of enhanced polymer chain packing and alignment, the 
gas permeance decreases with an increase in take-up speed.   
 
 
Figure 7.6 Effect of take-up speed on gas separation performance of PIM-1/Matrimid 
(5:95) hollow fiber membranes: (a) O2 permeance and O2/N2 selectivity; (b) CO2 
permeance and CO2/N2 selectivity; and (c) CO2 permeance and CO2/CH4 selectivity 
 
7.2.5 Effect of PIM-1 concentration and bore fluid chemistry on gas separation 
performance   
 
Table 7.1 summarizes the gas separation performance of as-spun blend hollow fibers 
as a function of PIM-1 concentration, while Figure 7.7 illustrates the effects of PIM-1 
concentration on O2 permeance and O2/N2 selectivity of the as-spun fibers. Generally, 
the addition of 5 to 15 wt% PIM-1 in the polymer blends results in an increase in gas 
permeance and a decrease in gas-pair selectivity. For example, with a mere 5 wt% and 
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10 wt% PIM-1 in Matrimid, the CO2 permeance of the as-spun fibers (e.g., PIM-
1/Matrimid (5:95) (condition 1B) and PIM-1/Matrimid (10:90) (condition 2B)) 
increase 78% and 146%, respectively (e.g., from original 86.3 GPU to 153.4 GPU and 
212.4 GPU, respectively) without compromising its CO2/CH4 selectivity. The increase 
in gas permeance is attributed to the increase in free volume in the polymer matrix 
with the addition of PIM-1 into Matrimid. Nevertheless, except fibers spun from PIM-
1/Matrimid (5:95) show air separation performance as good as defect-free 
membranes, fibers spun from PIM-1/Matrimid (10:90) (condition 2A and 2C) and 
PIM-1/Matrimid (15:85) have deteriorated gas-pair selectivity comparing to the 
intrinsic selectivity of dense membranes. This is presumably attributed to the 
formation of defects at the selective layer because compatibility decreases as PIM-1 
content is increased. In other words, different degrees of chain entanglement and 
molecular packing may take place with increasing PIM-1 loading [51]. Besides, the 
rich Matrimid and the rich PIM-1 domains in the blend dope may have different phase 
inversion rates during the membrane formation, thus create defects at the outer 
selective layer.  
 
The last three rows of Table 7.1 also compares the gas separation performance as a 
function of bore fluid chemistry for as-spun blend hollow fibers spun from the dope 
containing 15 wt% PIM-1. It is observed that the fiber spun with a higher solvent 
content (e.g.; NMP) in the bore fluid has a higher O2 and CO2 permeance. This 
phenomenon is directly resulted from the highly porous inner surface structure as a 
consequence of the delay demixing induced by a high solvent concentration in the 







Table 7.1 Gas separation performance of Matrimid and PIM-1/Matrimid hollow fiber 
membranes at different blend ratios before post-treatment 
Hollow fibers ID 
Permeance (P/L) (GPUa) Ideal Selectivity 
O2 N2 CH4 CO2 O2/N2 CO2/CH4 CO2/N2
Matrimid 16.9 2.6 2.5 86.3 6.5 34.5 33.2 
PIM-1/Matrimid (5:95)-1A 39.5 7.3 7.7 172.9 5.4 22.4 23.8 
PIM-1/Matrimid (5:95)-1B 38.4 6.2 5.4 153.4 6.2 28.4 24.9 
PIM-1/Matrimid (5:95)-1C 37.3 6.2 5.6 151.5 6.1 27.1 24.6 
PIM-1/Matrimid (10:90)-2A 56.6 11.6 11.3 227.0 4.9 20.1 19.6 
PIM-1/Matrimid (10:90)-2B 53.0 8.7 8.1 212.4 6.1 26.2 24.5 
PIM-1/Matrimid (10:90)-2C 49.6 9.7 8.6 184.5 5.4 21.5 19.0 
PIM-1/Matrimid (10:90)-2D 42.1 7.5 7.6 194.4 5.6 25.6 25.8 
PIM-1/Matrimid (15:85)-3A 147.0 57.1 55.8 373.8 2.6 6.7 6.5 
PIM-1/Matrimid (15:85)-3B 115.0 55.6 51.5 329.9 2.1 6.4 5.9 
PIM-1/Matrimid (15:85)-3C 133.5 81.6 67.8 413.2 1.6 6.1 5.1 







Figure 7.7 Comparison of O2 permeance and O2/N2 selectivity as a function of PIM-1 
content in different PIM-1/Matrimid blend hollow fiber membranes 
 
7.2.6 Defect-free PIM-1/Matrimid hollow fiber membranes with an ultra-thin 
dense-selective layer 
 
A hollow fiber membrane could be considered as defect free when its gas-pair 
selectivity is more than 90% of its intrinsic value of dense films. The fibers spun from 
PIM-1/Matrimid (5:95) (conditions 1B and 1C) and PIM-1/Matrimid (10:90) 
(conditions 2B and 2D) have shown the defect-free characteristics because their O2/N2 
selectivity is higher than 90% of their intrinsic values of dense films (as listed in 
Table 7.2). On the other hand, it could also be found that the newly developed fibers 
exhibit relatively high gas permeance. This is likely attributed to the formation of an 





Table 7.2 Intrinsic gas transport properties of PIM-1/Matrimid dense films [34] 
Polymer blends  Permeability (Barrera,b) Ideal Selectivity 
 
O2 CO2 O2/N2 CO2/N2 
 
CO2/CH4
Pure gas test (35 oC, 3.5 atm) 
  
Matrimid  2.1 + 0.1 9.6 + 0.7 6.4 + 0.6 30 + 2.5 
 
36 + 0.4 
PIM-1/Matrimid (5:95)  2.6 + 0.2 12 + 0.7 6.6 + 0.1 29 + 2.7 
 
35 + 0.5 
PIM-1/Matrimid (10:90)  3.4 + 0.0 17 + 0.6 6.1 + 0.4 30 + 0.9 
 
34 + 1.6 
PIM-1/Matrimid (15:85)  4.4 + 0.3 21 + 0.8 5.9 + 0.5 28 + 0.7 
 
32 + 1.3 
a 1 Barrer = 1 × 10-10 cm3 (STP)cm/cm2s cmHg. 
b Pure gas permeation tests performed at 35 oC and 3.5 atm.  
 
A detailed calculation of the apparent dense layer thickness of the as-spun hollow 











                  (7.1)                        
where L is the apparent dense-selective layer  thickness (nm), and P is the gas 
permeability of the dense film in Barrer (1 Barrer = 1 × 10−10 cm3 (STP) cm/cm2 s 
cmHg). Table 7.3 summarizes the calculated apparent dense layer thickness. As can 
be seen, both selected membranes have a dense-selective layer thickness of less than 
100 nm, which is considered as ultra-thin in membrane research society. As a result, a 
defect-free PIM-1/Matrimid hollow fiber membrane with an ultra-thin dense-selective 







Table 7.3 R parameter and dense-selective layer thickness of PIM-1/Matrimid hollow 
fiber membranes 
Hollow fibers ID R1a L1 a(nm) 
Apparent dense 
selective layer 
thickness La (nm) 
PIM-1/Matrimid (5:95)-1A 0.3241 ± 3.29 x 10-3 25 ± 4 66 
PIM-1/Matrimid (10:90)-2A 0.3340 ± 3.82 x 10-3 24 ± 4 60 
PIM-1/Matrimid (15:85)-3A 0.3341 ± 3.30 x 10-3 36 ± 7 - 
a R1 and L1 are the R parameter and the thickness of dense layer obtained from the 
VEPFIT simulator. 
 
To validate the dense-selective layer thickness and to understand the morphological 
change of the newly developed hollow fiber membrane, the as-spun fibers with 
different blend compositions were examined by PALS analyses. Figure 7.8 shows the 
evolution of R parameter as a function of incident positron energy and the penetration 
depth of the positron into the membrane. S-parameter was not chosen in this study 
because of the presence of imide functional groups in Matrimid, which would cause 
the strong quenching and inhibition of the positronium [52, 53]. In general, the dense-
selective layer thickness is determined at the first region when the R parameter 
decreases dramatically to the minimum value when the incident positron energy 
increases. The second region is named as the transition layer where the R parameter 
increases with a further increase in incident positron energy. The transition layer 
indicates the fiber morphology transforming from a dense to a porous structure. 
Following that, the third region is where the R parameter reaches a flat region, 























Figure 7.8 R parameters of PIM-1/Matrimid hollow fiber membranes with different 
blend compositions 
 
Since R parameter provides information about large holes (nm to µm) and the fiber 
spun from PIM-1/Matrimid (5:95) has the lower R value comparing with the other 
two fibers, this indicates that the fiber spun from PIM-1/Matrimid (5:95) has the 
densest structure and the lowest gas permeance as shown in Table 4. By applying a 
three-layer model, the dense layer thickness can be estimated by the VEPFIT 
software. As tabulated in Table 7.3, the simulated dense layer thickness is less than 
100 nm which agrees with the observation from SEM and the calculated apparent 
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7.2.7 Effect of post-treatment on gas separation performance of as-spun PIM-
1/Matrimid hollow fiber membranes 
 
Two post-treatment methods; namely, heat treatment [54-56] and silicon rubber 
coating [57] have been employed to cure the defects on membrane surface. The fibers 
are expected to be easily sealed by heat treatment if there are minor defects on the 
selective skin. On the other hand, if the defects cannot be mitigated by heat treatment, 
the fibers will then be treated with a silicon rubber coating. The gas separation 
performance of PIM-1/Matrimid (10:90) hollow fiber membranes before and after 
heat treatment is depicted in Table 7.4. The selectivity of fibers 2A and 2C increases 
significantly close to the intrinsic selectivity of the dense film after heat treatment 
while there is a slight drop in gas permeance. The minor decrease in gas permeance is 
directly resulted from the densification of the selective layer. 
 
Table 7.4 Comparison of gas separation performance of PIM-1/Matrimid (10:90) 
hollow fiber membranes before and after heat treatment 
Hollow fibers ID 
Permeance (P/L) (GPUa) Ideal Selectivity 
O2 N2 CH4 CO2 O2/N2 CO2/CH4 CO2/N2
Pristine fibers 
 
PIM-1/Matrimid (10:90)-2A 56.6 11.6 11.3 227.0 4.9 20.1 19.6 
PIM-1/Matrimid (10:90)-2C 49.6 9.7 8.6 184.5 5.4 21.5 19.0 
After heat treatment at 75oC and 3 hr 
     
PIM-1/Matrimid (10:90)-2A 52.9 9.1 8.5 210.2 5.8 23.1 24.8 
PIM-1/Matrimid (10:90)-2C 40.5 6.7 6.4 177.3 6.0 26.3 27.8 
a 1 GPU = 1×10−6 cm3 (STP)/cm2s.cmHg = 7.5005×10−12 ms−1 Pa−1. 
 
The gas separation performance of PIM-1/Matrimid (15:85) hollow fiber membranes 
before and after two consecutive post-treatments is summarized in Table 7.5. Firstly, 
the same approach of heat treatment was employed. However, the heat treatment was 
not effective to seal the defects and the fibers still displayed a low selectivity. Thus, a 
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silicon rubber coating was employed on the outer surface of the fibers. As can be 
seen, all fibers reveal remarkable improvements in gas-pair selectivity. Compared to 
the pristine Matrimid, the O2 and CO2 permeance of PIM-1/Matrimid (15:85) 
(condition 3A) hollow fiber membranes after silicon rubber coating is 3.5 folds and 
2.8 folds higher, respectively, (e.g., O2 permeance of 59.9 GPU and CO2 permeance 
of 243.2 GPU) with a similar O2/N2 and CO2/CH4 selectivity.  
 
Table 7.5 Gas separation performance of PIM-1/Matrimid (15:85) hollow fiber 
membranes before and after different post-treatment methods 
Hollow fibers ID 
Permeance (P/L) (GPUa) Ideal Selectivity 
O2 N2 CH4 CO2 O2/N2 CO2/CH4 CO2/N2
Pristine fibers 
PIM-1/Matrimid (15:85)-3A 147.0 57.1 55.8 373.8 2.6 6.7 6.5 
PIM-1/Matrimid (15:85)-3B 115.0 55.6 51.5 329.9 2.1 6.4 5.9 
PIM-1/Matrimid (15:85)-3C 133.5 81.6 67.8 413.2 1.6 6.1 5.1 
After heat treatment at 75oC and 3 hr 
 
PIM-1/Matrimid (15:85)-3A 132.9 47.6 47.9 326.8 2.8 6.8 6.9 
PIM-1/Matrimid (15:85)-3B 99.7 45.3 43.4 319.8 2.2 7.4 7.1 
PIM-1/Matrimid (15:85)-3C 125.0 72.8 59.1 396.4 1.7 6.7 5.4 
After silicon rubber coating for 3 min 
PIM-1/Matrimid (15:85)-3A 59.9 9.9 7.1 243.2 6.1 34.3 24.6 
PIM-1/Matrimid (15:85)-3B 57.1 9.2 7.3 234.6 6.2 32.1 25.5 
PIM-1/Matrimid (15:85)-3C 50.1 8.0 6.8 217.1 6.2 32.0 27.1 
a 1 GPU = 1×10−6 cm3 (STP)/cm2s.cmHg = 7.5005×10−12 ms−1 Pa−1. 
 
Figure 7.9 compares the gas separation performance of PIM-1/Matrimid single layer 
hollow fiber membranes after post-treatments. The results reveal an enhanced gas 
permeance with an increase in PIM-1 loading. Interestingly, all fibers show 
comparable gas-pair selectivity with the pristine Matrimid membrane. In addition, 
mixed gas studies using CO2/CH4 (50%/50%) as the feed were conducted for PIM-
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1/Matrimid (10:90) (condition 2B) and PIM-1/Matrimid (15:85) (condition 3A) 
hollow fiber membranes. Table 7.6 shows that the permeance and selectivity 
measured under mixed gas tests are slightly lower than pure gas data. The lower in 
mixed gas permeance of CO2 and CH4 is possibly due to the competition effects of the 
one gas component over the other gas component for sorption and transport pathways 
in the membrane. As a consequence, the lower in the permeance of the fast gas (e.g., 
CO2) results in a decrease in the mixed gas selectivity [53, 58]. 
 
 
Figure 7.9 Comparison of O2 permeance and O2/N2 selectivity for PIM-1/Matrimid 
hollow fiber membranes after different post-treatment conditions (* is the pristine 











Table 7.6 Binary gas separation performance of PIM-1/Matrimid (15:85) hollow fiber 
membranes after silicon rubber coating 
Hollow fibers ID 







CH4 CO2 CO2/CH4 CH4 CO2 
 
CO2/CH4 
PIM-1/Matrimid (10:90)-2B 8.1 212.4 26.2 6.9 159.7 
 
23.1 
PIM-1/Matrimid (15:85)-3A 7.1 243.2 34.3 6.6 188.9 
 
28.8 
a Pure gas and binary gas conducted at ambient temperature with1atm and 2 atm, 
respectively. 
 
7.2.8 Comparison with previous studies on gas separation performance    
 
Polyimide hollow fiber membranes have been studied by various researchers in recent 
years due to its thermal stability and high selectivity [14-17, 38-40]. Both neat 
polyimide and blend polyimide hollow fibers have been developed. Table 7.7 
tabulates the intrinsic gas transport properties of dense PIM-1/Matrimid membranes 
casted from DCM under the method described elsewhere [34]. Table 7.8 shows a 
comparison in separation performance between some of these fibers and the PIM-
1/Matrimid hollow fiber membranes for O2/N2, CO2/CH4 and CO2/N2 separation. The 
newly developed PIM-1/Matrimid hollow fiber membranes show superior permeance 
to other polyimide blend membranes with slightly lower selectivity. The O2 and CO2 
permeance of the PIM-1/Matrimid hollow fiber membranes are about 3 and 2.5 folds, 
respectively, higher than the other literature data. Specifically, a comparison of gas 
separation performance of the PIM-1/Matrimid hollow fibers for different gas pairs 
with other commercial materials [59-64] has been plotted in Figure 7.10. As can be 
seen, there is an obvious enhancement in gas separation performance for the newly 
developed PIM-1/Matrimid hollow fiber membranes. As discussed in earlier sections, 
the improvement is mainly due to the inclusion of the high free volume PIM-1 in 
Matrimid and the formation of defect-free hollow fiber membranes with an ultra-thin 
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dense-selective layer. The high performance PIM-1/Matrimid hollow fiber 
membranes would definitely enlighten research interest in designing next generation 
hollow fiber membranes for air separation, pre-combustion and post-combustion CO2 
capture and energy development. 
 
Table 7.7 Intrinsic gas transport properties of PIM-1/Matrimid dense films [34] 






O2 CO2 O2/N2 CO2/N2 CO2/CH4
Pure gas test (35 
o
C, 3.5 atm)   
Matrimid  2.1 + 0.1 9.6 + 0.7 6.4 + 0.6 30 + 2.5 36 + 0.4 
PIM-1/Matrimid (5:95)  2.6 + 0.2 12 + 0.7 6.6 + 0.1 29 + 2.7 35 + 0.5 
PIM-1/Matrimid (10:90)  3.4 + 0.0 17 + 0.6 6.1 + 0.4 30 + 0.9 34 + 1.6 





















(GPU) Selectivity  Ref. 
O2 N2 CH4 CO2 O2/N2 CO2/CH4 CO2/N2 
Matrimid 25/7.9 33.7 5.6 - - 6.0 - - [14] 
Matrimid 25/7.9 11.2 1.6 - - 6.8 - - [14] 
Matrimid 25/6.8 4.6 0.7 - - 6.3 40# - [15] 
Matrimid 20/10 9 1.3 - - 6.7 - - [16] 
Matrimid 20/15* - - 0.16 11 - 67 - [16] 
Matrimid 30/2.3 - 0.7 - 10.1 - - 14.7 [17] 
PBI/Matrimid (50:50)a 35/10 - - 0.12 4.81 - 41.8 -  [37] 
PES/Matrimid (20:80)a 25/3.9 - - - 40 - - 40 [38] 
PES/Matrimid (50:50)a 25/3.9 - - - 31 - - 35-38  [38] 
PES/Matrimid (80:20)a 25/3.9 - - - 60 - - 39  [38] 
P84/Matrimid (50:50)a 35/4 4.9 0.6 - - 7.9 - - [39] 
PBI/PEI (10:90)a 25/7.8 4.9 4.5 - - 1.1 - - [40] 
PBI/PEI (20:80)a 25/7.8 0.8 0.4 - - 2.0 - -  [40] 
























(15:85)-3Ba 25/1 57.1 9.2 7.3 234.6 6.2 32.1 25.5  
This 
work
a fibers after silicon rubber coating; b fibers after heat-treatment at 75 oC and 3 hr; # 
dual-layer hollow fiber membranes with Matrimid as outer layer and PES as inner 
supportive layer, tested with binary gas test consists of 40/60 CO2/CH4; and * tested 




Figure 7.10 A comparison of (a) CO2/CH4; (b) O2/N2 and (c) CO2/N2 separation 




Novel and high performance PIM-1/Matrimid hollow fiber membranes comprising 5-
15 wt% of highly permeable PIM-1 with an ultra-thin dense-selective layer have been 
developed in this study. The newly developed membranes show synergistic 
characteristics of higher selectivity with respect to PIM-1 and higher permeability 
with respect to Matrimid. The following conclusions could be drawn from this work: 
 
1 High flux defect-free as-spun blend membranes with gas-pair selectivity more 
than 90% of the intrinsic values of dense films can be fabricated by incorporating 
5 wt% and 10 wt% PIM-1 into Matrimid. Comparing to the pristine Matrimid, the 
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CO2 permeance of the as-spun blend fibers containing 5 and 10 wt% PIM-1 
increases significantly to 78% and 146%, respectively (e.g., from original 86.3 
GPU to 153.4 GPU and 212.4 GPU) without showing much compromises in 
CO2/CH4 selectivity. With a higher PIM-1 content of 15 wt%, the CO2 permeance 
of the blend fiber displays a greater improvement of 2.8 folds to 243.2 GPU with a 
comparable CO2/CH4 selectivity to the blend dense film after the silicon rubber 
coating. 
2 The O2 permeance of the PIM-1/Matrimid (15:85) (condition 3A) hollow fiber 
membrane after silicon rubber coating increases abundantly. It has a value of 3.5 
folds higher than the pristine Matrimid (e.g., from original 16.9 GPU to 59.9 
GPU) with a similar O2/N2 selectivity of 6.1. This fiber is very promising as a new 
generation membrane for air separation. 
3 Optical observation and DSC results have revealed partial miscibility between 
PIM-1 and Matrimid. The effect of partial miscibility on defect formation at the 
dense selective layer is more prominent with increasing PIM-1 loading in the 
hollow fibers. It is believed that the higher PIM-1 content in Matrimid, the less the 
compatibility between polymers is. This is a direct result of different degrees of 
chain-chain interactions and phase inversion rates during membrane formation. 
The minor defects on the dense selective skin of the PIM-1/Matrimid (10:90) 
(condition 2A and 2C) fiber can be effectively eliminated by heat treatment at 75 
oC for 3 h, while the large defects in PIM-1/Matrimid (15:85) fibers have to be 
cured with a combination of heat treatment and silicon rubber coating. 
4 Membrane morphology revealed that macrovoids tend to be eliminated when a 
higher PIM-1 loading is incorporated in the polymer dope. It is likely attributed to 
the higher viscosity of the PIM-1/Matrimid (15:85) polymer dope (when 
compared to PIM-1/Matrimid (5:95) and (10:90)) that effectively suppresses the 
formation of macrovoids.  
5 The fiber spun with the highest solvent concentration (e.g., 95 wt% NMP) 
displays the most porous inner surface morphology with a higher O2 and CO2 
permeance compared to the fibers spun with 80 and 50 wt% NMP as bore fluids. 
The highly porous substructure with minimal transport resistance is directly 
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resulted from the delayed demixing induced by the existence of high solvent 
content. 
6 The increase in take-up speed improves the gas-pair selectivity to an optimum 
value followed by a decrease. This is mainly due to the enhanced polymer chain 
packing and alignment in the extruded fiber initially, while a further increase in 
take-up speed would result in overstretching the polymer chains and cause minor 
defects on the membrane surface. 
7 The newly developed PIM-1/Matrimid hollow fiber membranes demonstrate an 
exceptional gas separation performance that surpasses other reported polyimide 
blend membranes for CO2/CH4, O2/N2 and CO2/N2 separation. Future works will 
be focused on the physical aging behavior of the newly developed hollow fiber 
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The increase in energy price and the depletion of cruel oil have led to increased 
attention being paid to the search of alternative and renewable energy sources to 
replace existing energy sources. Among all the energy sources, natural gas, biogas 
and hydrogen possesses a great potential as the alternative energy source. However, 
these raw energy sources consist of the contaminant such CO2 and trace amount of 
N2, H2, O2 in nature which subsequently reduce the efficiency of the process in term 
of permeability and selectivity. Membrane based separation emerged as one of the 
most ideal gas separation technologies due to its environmental friendliness, low cost, 
systemic simplicity and space saving features. One of the main constrains in 
polymeric membranes includes the Robeson upper bound trade-off for its 
permeability and selectivity. Therefore, the main objective of this research study is the 
investigation and development of next-generation high performance polymeric 
membranes for CO2/CH4, CO2/N2, O2/N2 and H2/CO2 separations. 
 
Accordingly, four interlinked aspects are included. The key findings of each aspect 
are summarized and concluded as below. Firstly, the synergistic properties of the 
combination of polymers of intrinsic microporosity, specifically PIM-1 and Matrimid 
to enhance the gas separation performance were investigated. Secondly, the properties 
of the PIM-1/Matrimid membranes were then modified by various diamine structures 
to tune from CO2-selective to H2-selective. Thirdly, the focus was on modification of 
PIM-1 to cPIM-1 and subsequent blending with Torlon to enhance the gas transport 
properties. Lastly, PIM-1/Matrimid hollow fiber membranes have been developed to 
fabricate the membranes as a favor industrial configuration. Interestingly, the 
membranes developed in these studies have shown a significantly enhanced gas 
separation performance that surpasses the upper bound limit. The findings of this 




8.1.1 Molecular tailoring of PIM-1/Matrimid blend membranes for gas 
separation 
 
PIM-1, a specific polymer of intrinsic microporosity is known as one of the potential 
materials for membrane gas separation. The contorted ladder-like structure in PIM-1 
possesses high permeability but moderate selectivity for O2/N2, CO2/N2 and CO2/CH4 
separation. The most feasible and time efficient strategy of tuning the permeability 
and selectivity by blending PIM-1 with different compositions of Matrimid has been 
reported here. In this work, the physical properties, phase behavior and gas transport 
properties of PIM-1/Matrimid blends have been examined.  
 
The use of polarized light microscope analyses revealed that most of the PIM-
1/Matrimid blends were partially miscible. The inclusion of PIM-1 in the Matrimid 
matrix resulted in a substantial increase in gas permeability and a slight decrease in 
selectivity. The additions of 5 and 10 wt% PIM-1 into Matrimid induced the 
permeability increments of 25% and 77% respectively, raising the original 9.6 to 12 
and 17 Barrer without compromising its CO2/CH4 selectivity. For O2/N2 separation, 
the incorporation of a small amount of Matrimid (e.g., 5-30 wt%) into PIM-1 
promoted a fair increase in selectivity and allowed the overall gas separation 
performance to almost reach and at some time it appeared to surpass the upper bound. 
In binary gas tests of CO2/CH4 (50%/50%), the 30 wt% PIM-1 in Matrimid membrane 








8.1.2 Highly permeable chemically modified PIM-1/Matrimid membranes for 
green hydrogen purification 
 
Polymers of intrinsic microporosity, e.g., PIM-1 are attractive materials for gas 
separation and energy development ascribed mainly to their superior permeability. 
The H2 and CO2 permeability of PIM-1 are about 1300-4000 Barrer and 3000-8000 
Barrer, respectively. However, it has a relatively low H2/CO2 selectivity of 0.4-0.8. 
Different from the previous UV rearrangement approach, for the first time we report 
here a viable method to tune the intrinsic properties of PIM-1 blend membranes from 
CO2-selective to H2-selective via blending with Matrimid and subsequently cross-
linking the mixed matrix membrane by diamines at room temperature. The ideal 
H2/CO2 selectivity of the membrane after modification by 2 hr triethylenetetramine 
(TETA) improved dramatically from 0.4-0.8 to 9.6 with a H2 permeability of 395 
Barrer. The modified membranes also show exceptional separation performance 
surpassing the present upper bound for H2/CO2, H2/N2, H2/CH4 and O2/N2 separations.  
 
Positron annihilation lifetime spectroscopy (PALS) and Field emission scanning 
electron microscopy (FESEM) reveal that the diamine cross-linking successfully 
alters the membrane morphology from a dense to a composite structure. X-ray 
diffraction (XRD) analyses and sorption data confirmed that the modified membrane 
has a smaller d-spacing and a decrease in diffusivity coefficient. Our results also 
affirmed that the spatial structure rather than the pKa value of diamines is the 
prevailing factor that governs the reactivity of diamines toward the PIM-1/Matrimid 
membrane due to the low concentration of cross-linkable polyimides distributing 
randomly in the polymer matrix. The fundamentals and knowledge gained throughout 






8.1.3 Molecular interaction, gas transport properties and plasticization 
behavior of cPIM-1/Torlon blend membranes 
 
Polymers of intrinsic microporosity, specifically PIM-1 has emerged as a promising 
material for gas separation due its uniquely high gas permeability. However, its 
insolubility in common polar aprotic solvents like N-Methyl-2-pyrrolidone (NMP) 
limits its full potential and possible industrial applications. In this study, the solubility 
of PIM-1 in such solvents has been modified by carboxylation via hydrolysis reaction 
in a short period of 1 hr. The success of carboxylation was verified by nuclear 
magnetic resonance (NMR) spectroscopy, Fourier transform infrared spectroscopy 
(FTIR) and water contact angles. The carboxylated PIM-1 (cPIM-1) was subsequently 
blended with Torlon to enhance the intrinsic permeability of Torlon rich membranes 
and the intrinsic selectivity of cPIM-1 rich membranes.  
 
The additions of 5, 10 and 30 wt% cPIM-1 into Torlon increase its CO2 permeability 
by 26%, 128% and 791% respectively from the original value of 0.541 to 0.682, 1.233 
and 4.822 Barrer respectively with minor sacrifices in CO2/CH4 selectivity. These 
permeability improvements are attributed to the formation of charge transfer 
complexes (CTC) between cPIM-1 and Torlon, which promotes better interactions in 
the blends. In addition, all the cPIM-1/Torlon membranes exhibit a great 
plasticization resistance up to 30 atm. This is ascribed to the incorporation of the rigid 
Torlon that may lead to restrict chain mobility in CO2 environments. The overall 
separation performance has been driven closer to the Robeson upper bound for O2/N2, 
CO2/CH4, CO2/N2 and H2/N2 separations. Therefore, the newly developed membranes 









8.1.4 High performance PIM-1/Matrimid hollow fiber membranes for 
CO2/CH4, O2/N2 and CO2/N2 separation 
 
Polymers of intrinsic microporosity (PIM-1) have received worldwide attention but 
most PIM-1 researches have been conducted on dense flat membranes. For the first 
time, we have fabricated PIM-1/Matrimid membranes in a useful form of hollow 
fibers with synergistic separation performance. The newly developed hollow fibers 
comprising 5-15 wt% of highly permeable PIM-1 not only possess much higher gas-
pair selectivity than PIM-1 but also have much greater permeance than pure Matrimid 
fibers. Data from positron annihilation lifetime spectroscopy (PALS), field emission 
scanning electron microscopy (FESEM) and apparent dense layer thickness indicate 
that the blend membranes have an ultrathin dense layer thickness of less than 70 nm. 
PIM-1 and Matrimid are partially miscible. The effect of partial miscibility on dense 
selective layer was studied.  
 
Defect-free hollow fibers with gas pair selectivity more than 90% of the intrinsic 
value can be spun directly from dopes containing 5 wt% PIM-1 with proper spinning 
conditions, while post annealing and additional silicone rubber coating are needed for 
membranes containing 10 and 15 wt% PIM-1, respectively. Comparing to Matrimid, 
the CO2 permeance of as-spun fibers containing 5 and 10 wt% PIM-1 increases 78% 
and 146%, respectively (e.g., from original 86.3 GPU to 153.4 GPU and 212.4 GPU) 
without compromising CO2/CH4 selectivity. The CO2 permeance of the fiber 
containing 15 wt% PIM-1 improves to 243.2 GPU with a CO2/CH4 selectivity of 34.3 
after silicon rubber coating. Under mixed gas tests of 50/50 CO2/CH4, this fiber shows 
a CO2 permeance of 188.9 GPU and a CO2/CH4 selectivity of 28.8. The same fiber 
also has an impressive O2 permeance of 3.5 folds higher than the pristine Matrimid 
(e.g., from original 16.9 GPU to 59.9 GPU) with an O2/N2 selectivity of 6.1. The 
newly developed membranes may have great potential to be used for natural gas 




8.2 Recommendations for future work 
8.2.1 Study on long-term stability and aging retardation of thin PIM-1 based 
membranes 
 
The newly developed membranes have presented a great improvement in the gas 
separation properties with the incorporation of PIM-1 or cPIM-1. However, it should 
be noted that this study is solely focused on the enhancement of gas separation; the 
membrane stability and long-term performance investigation have not been included. 
The limitation in polymeric membranes is their physical aging with time which results 
in the reduction in permeability. Chemical and physical modification such as photo-
irradiation and heat treatment are simple approaches in retarding the aging effects on 
the PIM-1 or cPIM-1 membranes. 
 
On the other hand, thin film with an ultra-thin selective layer (e.g., thickness is less 
than several hundred nanometers) may contribute to the optimum gas separation 
performance. Since the aging properties of a thin membrane are much different than a 
thick membrane, it would be worthwhile to conduct a fundamental study on 
performance of thin and thick membranes and their stability for a minimum period of 
3 months to explore the potential for industrial applications. The PIM-1 or cPIM-1 
thin film could be a free-standing thin membrane or an asymmetric hollow fiber 
membrane depending on the final membrane configurations.  
 
8.2.2 PIM-1 based mixed matrix membranes 
 
Other than polymer blends to enhance the gas separation efficiency presented in this 
work, fabricating mixed matrix membranes by blending the polymer matrix with 
organic or inorganic particles is the another feasible method. The particles could be 
carbon, zeolite, metal, metal oxide, metal–organic framework (MOFs) and zeolitic 
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imidazolate framework (ZIF). Moreover, the mixed matrix membranes possess the 
advantage of enhancing the mechanical properties as compared to pristine polymeric 
membranes, which subsequently allow membranes to operate at elevated pressures 
and temperatures. The careful selection of suitable particles and their amount in the 
mixed matrix would be an interesting research focus. 
 
8.2.3 Interpenetrating polymer networks (IPN) in PIM-1 and PEO-azide 
membranes 
 
Other than PIM-1, poly(ethylene oxide) (PEO) appears as one of the suitable 
candidates for CO2 capture as it has high CO2/light gas solubility selectivity and the 
relative inertness to CO2 plasticization [1-5]. The high solubility selectivity of PEO 
may overcome the shortcomings of the low selectivity of PIM-1. The polar and 
quadrupolar interactions between the ether oxygen (EO) unit and the CO2 molecules 
induce PEO or poly(ethylene glycol) (PEG) based membranes to possess a reversed 
selectivity of CO2 to the much smaller H2 [6].  
 
Among various polymer modifications, interpenetrating polymer networks (IPN) is a 
type of enhancement for a linear polymer blend where two different polymer 
networks physically interact with each other without chemical bonding between them 
[6-9]. The presences of IPN significantly enhanced the compatibility between 
polymers in a polymer blend. A network polymer that encompasses a linear polymer 
yields a pseudo-IPN. Basically, there are two common ways in preparing a pseudo-
IPN structure. The first method is to polymerize the precursors of a branched polymer 
in the existing linear polymer while the other method is the formation of a straight-
chain polymer within an existing polymer network. In order to prevent the linear 
component extracted from the structure, the chemical bonding of the linear 
component within the pseudo-IPN could be induced by azido-containing monomers 
[10]. As a result, the formation of pseudo-IPN network between PIM-1 and PEO-
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azide is likely to create different free volume distribution that may improve the 
permeability and selectivity of membranes.  
 
8.2.4 Synthesis of new PIM structure 
 
PIM-1 is one of the recent developed polymers that display a potential market for gas 
separation. The exceptional high performance of PIM-1 is mainly ascribed to its 
kinked center of ladder-type backbone structure that promotes a high free volume and 
large surface area. PIMs have high sorption capacity due to the inherited polar groups 
and microporosity structure. Therefore, the synthesis of new PIM structure by 
coupling the spiro center (i.e., a tetrahedral carbon atom shared by two rings) 
monomer with other large moiety monomer such as 6FDA, aromatic ring and 
perfluoro-structure at the initiate stage may further enhance the overall gas separation 
performance. In additional, it would promote a great integrity in the molecular level 
during polymer synthesis. The chemistry and the polymerization process of each 
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